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Abstract 
The Study of Single Molecule Protein Biophysics Using a Solid-State Nanopore 
Kevin J. Freedman 
Advisors: MinJun Kim, Ph.D., Cameron F. Abrams, Ph.D. 
 
 
 
 
The kinetics of protein folding and binding has been studied for several decades 
and continues to reveal links to overall cellular health, cell functionality, and responses to 
therapeutic agents.  Despite numerous methods to purify and detect proteins, there is still 
a growing need to develop technology that can enhance sensing and reveal potentially 
hidden properties of proteins.  This is important not only from a scientific perspective but 
also in practically achieving the goals of personalized healthcare.  Next generation 
sensors should ideally have three main characteristics: (1) high resolution sensing, (2) 
high-throughput sensing, and (3) the potential to be automated and used by untrained 
personnel.  Future devices will revolutionize the healthcare industry by decreasing both 
the time and cost to do basic scientific research, diagnostic testing, and drug 
development.   
A likely candidate for next-generation protein sensing is solid-state nanopores.  
The pores developed here are fabricated in a 50 nm thick silicon nitride membrane and a 
single nanopore is drilled using a focused ion beam or a focused electron beam.  The 
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detection method employed is largely based on resistive pulse sensing where analytes are 
electrokinetically transported through a pore and identified by their unique modulation of 
ionic current (i.e. an ionic blockade).  Since the dimensions of the nanopore are on the 
same scale as the molecule being sensed, only a single molecule can enter the pore 
allowing individual protein kinetics to be probed.  Traditionally proteins are detected by 
ensemble averaging which hides important kinetics and sub-populations of molecules that 
may be important to understanding the early stages of a disease or detect a disease early.   
In the first section of this study, the prominent issue of protein adsorption onto the 
sensing device (i.e. the nanopore) is addressed and resolved by using a modified voltage 
protocol.  The rationale behind the new sensing scheme is explained in terms of the 
interplay of diffusive and entropic (barrier-dominated) forces on a protein.  In the second 
section, we discovered that the voltage which drives the protein through the pore also has 
denaturing effects.  The unfolding data supports a gradual unfolding mechanism rather 
than the cooperative transition observed by classical urea denaturation experiments.  
Lastly it is shown that the voltage-mediated unfolding is a function of the stability of the 
protein by comparing two mutationally destabilized variants of the protein.  In the final 
section of this study, voltage-mediated unbinding of a single protein complex is studied.  
We argue that determining the unbinding forces between two proteins adds an additional 
level of specificity which is needed for eventual use as a diagnostic tool.  In this study, 
nanopores are developed not only as a sensor but also a single molecule or protein 
complex manipulator that can locally unfold or unbind molecules.   
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Chapter 1: Introduction 
 
1.1 Background and Motivation 
1.1.1 Nanotechnology and Single Molecule Analysis 
`The science of probing and manipulating matter at the nanometer scale —
nanometrology and nanofabrication— has opened the door to many new areas of 
research.  Usually known together as the field of nanotechnology, these areas deal with 
functional structures that are, more-or-less arbitrarily, defined to be <100 nm.  When 
dealing with structures or materials at this length scale the properties of that material are 
commonly very different than the bulk material properties.  For example, quantum dots 
exhibit size dependent optical properties and single electron tunneling which are 
impossible to observe at the macroscale [1, 2]. Other nanostructures such as carbon 
nanotubes have high electrical conductivity and mechanical strength [3, 4].  
Nanotechnology therefore is of intrinsic value in order to further understand the basic 
principles of matter, make and study new nanomaterials, and engineer functional 
nanoscale devices.   
The field within nanotechnology that this work can be categorized is termed 
single molecule methods which describe when a piece of nanotechnology or a related 
methodology is used to study the behavior or properties of individual molecules.  Some 
of the more popular of which include atomic force microscopy (AFM), optical tweezers, 
magnetic tweezers, and single molecule Förster resonance energy transfer (smFRET).  
These techniques are well known for detecting biologically-relevant molecular events 
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that couldn’t previously be understood or discovered.  The single molecule method 
described and used throughout this work uses a single nanopore drilled within a 
freestanding membrane to detect individual molecules.  In this work, proteins were 
studied using nanopores and therefore for each new protein being studied there exists a 
unique set of applications and level of significance.  The primary proteins of interest are 
the HIV glycoprotein gp120 and the PDZ2 domain within the SAP97 protein.  The 
significance therefore is related to HIV healthcare and genetic variations in PDZ2 
carrying proteins leading to a pathological condition.   
1.1.2 The SAP97 PDZ2 Domain 
The protein domain PDZ2 is a member of a ubiquitous protein domain family called PDZ 
which is named after the first three proteins found to contain the domain (PSD-95, Dlg, 
and ZO-1) [5].  The domain was later found to exist within a wide range of proteins in 
plants (33 proteins), bacteria (307 proteins), and over 400 proteins in humans [5].  It acts 
as a modular interaction domain that participates in holding together protein assemblies 
involved in signaling and subcellular transport [6, 7].  Disruption of PDZ containing 
proteins through mutation has been implicated in several human diseases.  These include 
Usher syndrome, cancer, cystic fibrosis, Parkinson’s disease, and chronic kidney 
disease [8-10]. 
The exact sequence of the PDZ domain can vary between host proteins therefore 
it is important to consider the protein from which PDZ2 is taken.  In this case it was taken 
from the SAP97 protein where “SAP” stands for “synapse-associated protein” [11].  It is 
a protein that is expressed thought the entire body in epithelial cells however the most 
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prominent and well known function is trafficking transmembrane receptor in the brain.  
The SAP97 protein has been implicated in a number of important neural processes 
including synaptic plasticity [11].   
1.1.3 HIV/AIDS 
Although HIV educational and preventive measures have shown some successes, 
the HIV infection rate is estimated to be 40,000 new cases per year in the Unites 
States [12].  Even more distressing is the fact that out of the 1,039,000-1,185,000 people 
who are infected, 25% are unaware of their infection.  Due to the lack of knowledge of 
their disease, undiagnosed infections continue to spread and, furthermore, patients are 
less likely to respond to treatment when they finally discover their sickness [13].   Point-
of-care (POC) medicine is expected to solve this problem by providing an easy-to-use, 
low-cost diagnostic tool to people who may not normally be tested.  Despite efforts to 
make such small-volume and high-throughput diagnosis technology, also termed lab-on-
a-chip devices, these instruments still employ optical detection schemes involving 
fluorescence [14].  Such devices require fluorescent labels, a fluorescent excitation 
source, a microscope, and a CCD camera at the very minimum as well as a trained 
technician to operate these devices.  The technology needed to fulfill all the requirements 
of such POC devices has yet to be fully acquired.   
HIV infection, specifically undiagnosed HIV infections, are a well-known 
problem which is one of the leading causes of HIV spreading since preventative measures 
are not taken by infected individuals.  In such a scenario, point-of-care (POC) diagnostics 
could be highly advantageous and lead to the testing of individuals who normally would 
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not be tested.  Furthermore, individual patient care will be improved since delaying the 
diagnosis of HIV is likely to cause reduced efficacy of antiretroviral therapy [13].  
Therefore, by avoiding the late diagnosis of HIV, patients will be more likely to respond 
treatments and will be able to be educated on preventing further spreading of HIV 
thereby improving the health of existing patients and of the wider population.   
The gold standard for the diagnosis of HIV, as of 2005, is two enzyme 
immunoassays and one confirmatory test such as western blot or immunoassay [15].  
These methods require expensive reagents, 1-2 weeks for results, and trained lab 
technicians.  Furthermore, these techniques detect the body’s response to the virus (i.e. 
antibodies) which means the early phase of the disease is undetectable [16].  Although 
newer and faster techniques have been developed over the years, the lack of overall 
performance and the ease-of-use in the clinical setting has hindered wide-spread 
acceptance.  By detecting HIV antigens, instead of antibodies, directly in the blood of 
patients without optical or enzyme-based assays, nanopores could fill the gap in current 
HIV diagnostic medicine.  This new detection scheme, based on recording an electrical 
signal from a molecular sensor, could revolutionize testing of patients within and outside 
the clinical setting.   
1.1.4 Nanopore Sensing Theory 
Nanopores used as sensors function similar to the working principles of a Coulter 
Counter in which particles immersed in a conducting fluid are introduced into a 
microscale capillary clamped at a constant potential resulting in the partial blocking of 
the ionic current [17].  By recording the decreases in the current, information about the 
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particles present in the solution can be obtained by analyzing the resulting temporary 
decreases in current (ionic blockades) in both the amplitude and time domain. In this case 
however a microscale capillary is replaced with a nanopore which sits between two 
electrolytic half cells which are filled with a potassium chloride solution (Figure 1.1a).  
When a charged protein is placed in one of the chambers (typically called the cis 
chamber) and an electric field is applied across the pore, protein molecules are 
electrophoretically pulled through the nanopore (a process known as translocation) 
causing transient decreases in the ionic current providing insight into various biophysical 
properties of that molecule [18, 19].  As it may be expected, longer molecules will have 
longer translocation times compared to smaller, shorter molecules.  Also, molecules with 
a larger cross sectional diameter will cause a greater reduction in current when using the 
same size pore (Figure 1.1b).  However since surface affects become increasingly 
important at the nanoscale, surface charge and debye thickness also effect the current 
drop [20].   
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Figure 1.1. Schematic of a two-cell electrochemical cell where a reservoir of electrolyte 
(KCl) is on either side of a single nanoscale pore.  (a) Illustration of how oppositely 
charged ions flow through the pore producing a stable ionic current when a constant 
voltage is applied.  (b) Schematic of how the ionic current blockade can describe the size 
and shape of a translocating particle.   
 
 In order to formulate an equation for the change in ionic current when a protein 
translocates the pore, we must assume that the protein makes little interaction with the 
pore (i.e., a free translocation).  This allows us to assume a constant hydrodynamic 
volume which is important for obtaining reproducible current drops.  If free translocation 
theory is not accurate, the protein would bump into the pore wall and distort or even free 
the bound ions within the ionic cloud surrounding the protein.  In terms of the 
translocation time, free translocations theory assumes the protein does not interact or find 
transient binding sites within the pore.  Although transient interactions most likely occur, 
they cannot be predicted in a general sense and therefore are not included in the general 
model for translocation time.   
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 Using Ohm’s Law for the resistance change due to an occluding particle, DeBlois 
and Bean developed the following equation to describe the current drop produced by a 
translocating particle: 
∆ܫ ൌ ఙ௏ௗ೘మ ௟೘ு೐೑೑మ ൣ1 ൅ ݂ሺ݀௠, ܦ௣, ܮ௠,ܪ௘௙௙ሻ൧   (1.1) 
assuming that lm<Heff [19].  In the above equation ΔI is the current drop, σ is the 
conductivity of the solution, V is the applied voltage across the pore, dm is the diameter 
of the molecule, lm is the length of the molecule, Heff is the effective length of the pore, 
and f is a correction factor which depends on the relative dimensions of the pore and 
molecule.  For a spherical molecule lm=dm and the diameter of the molecule has a power 
of 3 dependence on the current drop.   
 An expression for the translocation time can be derived similarly using the 
velocity equation of a charged particle in an electric field: 
ݒ ൌ ொா଺గఎ௥     (1.2) 
where Q is the charge of the molecule, E is the electric field strength, η is the viscosity of 
the solution, and r is the radius of the molecule.  Assuming that the electric field is 
contained within the pore (a good approximation for a high aspect ratio pore), the electric 
field is defined as E=V/L and the translocation time is defined as td=L/v where L is the 
length of the pore, V is the applied voltage and v is the velocity of the molecule.  Putting 
these equations together yields the following equation for translocation time: 
ݐௗ ൌ ଺గఎ௥௅
మ
ொ௏      (1.3) 
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where η is the viscosity of the solution, and r is the radius of the molecule, L is the length 
of the pore, Q is the charge of the molecule, and V is the applied voltage.  This equation 
does not take into account interactions with the pore or electroosmotic effects of the fluid 
around the molecule.  This equation can be used for situations where electroosmotic flow 
is low (such as when the pore wall has low surface charge) or where the pore is larger 
than the protein and interactions are minimized.   
1.2 The Biomimetic Inspiration of Solid-State Nanopores 
Nanoscale transmembrane pores are found on every living cell.  Their natural role 
is to create passageways for biological material to cross the cell wall and the walls of 
certain organelles [21].  These seemingly minor cellular components are of great 
importance to cell function and life.  Pores allow cells to maintain different internal 
concentrations of solutes from their exterior environment [22].  The proper function of 
certain pores is also of vital importance to both individual cells and the entire organism. 
Pathogens use nanopores as well.  Viruses can inject their genetic information via a 
nanopore into a host’s cells to further replicate and bacteria can produce pores known as 
toxins used to lyse cells for their intracellular nutrients [23].  These various pores each 
have evolved over a tremendously large number of generations to have various structures 
and chemistries that allow them to achieve their specific tasks.  It is from these evolved 
pores and the electrophysiological tools used to study them from which the application of 
both biological and solid state nanopores as sensors was and is still being developed [24].  
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1.2.1 α-Hemolysin 
Initial experiments using nanopores as sensors utilized the unique non-gating and 
inherently stable Staphylococcal α-hemolysin ion channel suspended in a planar lipid 
bilayer, foremost for the detection and sequencing of nucleic acids. Over a decade has 
passed and the driving force behind nanopore sensing research still remains rapid and low 
cost genomic sequencing.  The potential impact of this method to science and society is 
massive [25].  Access to inexpensive genomic data of individuals in both sickness and 
health would enable researchers to identify previously unrecognized genetic relationships 
to a multitude of diseases and ailments, including the various mutations that lead to 
cancer and their affect on cellular function [26].  Possible impacts also include designed 
or synthetic biology, in which rapid sequencing would partially enable rapid design and 
development of synthetic enzymes[27] or proteins [28].  Furthermore, allowing the public 
access to their personal genomes would allow individuals to take preventative measures 
once understanding their predisposed susceptibilities. Moreover the knowledge and 
expertise gained from these progressive works have led to the emergence of other 
potential applications that have fueled further advances in nanopore based science [29]. 
In 1996 John Kasianowicz and his colleagues were the first to employ α-
hemolysin (Figure 1.2) to translocate and characterize individual polynucleotides using 
the ionic blockade method [30].  This achievement has since sparked the interest and 
efforts of numerous groups with hopes of developing a method to rapidly and 
inexpensively sequence genomes for personalized medicine using nanopores.  Simply 
put, it was proposed that if long single stranded DNA (ssDNA) could be translocated 
electrophoretically across the pore, the DNA could be sequenced by recording the 
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concurrent modulation in electrolyte ions flowing through the pore.  This concept relied 
upon each nucleotide being able to block the measured ionic current through the limiting 
constriction of the pore by an amount according to their individual molecular size and 
chemical properties in a sequential fashion.  Later works towards this goal demonstrated 
the ability to sense entire ssDNA strand characteristics such as orientation during 
translocation [30, 31], ssDNA homopolymer composition [32-34], and differentiation of 
ssDNA block co-polymers [32].  It was more recently ascertained, that α-hemolysin 
nanopore’s sensing zone (volume in which translocating material is detectable by the 
measured pore current) which occupies its entire 5nm long stem is much longer then 
base-to-base distance (3.4Å) of DNA. Because of this, decreases in the measured ionic 
current through the pore during ssDNA translocation would include the effects of the 
many nucleotides within the stem [35].  More recently it has been revealed that there are 
3 recognition sites or axial positions within the stem where a nucleotide will have greater 
effect on the overall ionic flow than other positions leading to further complexity [36].  
Another well-known technical hurdle is the average time (~1μs) under typical 
experimental conditions at which free translocating nucleotides will remain at such 
recognition sites. This is well below the time needed to take reliable measurements of the 
individual nucleotide’s restricted electrolyte flow.   
The experimental set-up of Kasianowicz et al.’s seminal work, consisted of the 
Staphylococcal α-hemolysin toxin reconstituted in a planar bilipid membrane 
(Figure 1.2 B) separating two aqueous compartments.  The planar bilayer is applied using 
one of the two traditional methods [37, 38] on a ~100µm diameter aperture through a 
~25µm thick Teflon septum.  The septum’s hydrophobic surface chemistry encourages 
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the deposited lipids’ fatty acid tails to orient towards the septum resulting in the 
formation of local lipid monolayers on both sides of the septum and a suspended bilayer 
across its aperture.  Teflon’s chemical stability, high resistivity, ability to form high 
resistance seals with lipid layers, and low permittivity prevent excess noise during current 
measurement.  Nevertheless this well-established [39] bilayer support system’s notorious 
sensitivity to physical vibration, temperature, electrical noise due to capacitance across 
the bilayer, and propensity for premature rupture has led to searches for improvement or 
replacement with new experimental platforms.  Improvements to the α-hemolysin pore 
itself through mutagenesis are also being carried out [36, 40, 41], as well as the 
development of other pores with potential for biomolecule sensing [42, 43]. 
 
Figure 1.2. A) Axial view of a simplified representation of the α-hemolysin protein 
heptamer pore assembly [35].  The scale bar is 3.5nm in length.  B)  Radial view of α-
hemolysin pore inserted into an illustrated bilipid membrane.  
 
1.3 Solid-State Nanopores 
An alternative to bilayer suspended pores arrived with solid state pores and pore 
arrays [44] which offered advantages such as fixed pore position, controllable 
dimensions, longer lifetime, increased temperature and ionic strength ranges of operation, 
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modifiable surface properties [45, 46],  and higher breakdown potentials.  These 
characteristics have allowed translocation of dsDNA [47], experiments under non-
physiological conditions [48], and high-force spectroscopy [49], which could not have 
been accomplished using the previous protein pore/bilayer system.  The first solid state 
nanopores were created on silicon nitride or silicon dioxide freestanding films supported 
by silicon frame chips using argon ion-beam sputtering [50] and later commercially 
available transmission electron microscopes [51, 52].  Methods of creating nanopores in 
glass [53] and track etched polymers [54] also exist, yet are not as widespread as the use 
of micro fabricated platforms which promise to allow the easy integration of pores with 
other devices. Micro-fabricated devices also have greater control over capacitance [55, 
56], massively parallel single molecule fluorescence [57], and transverse tunneling [58] 
as alternative sequence detection methods. Furthermore using chip integrated electrodes 
to manipulate local electric fields for DNA translocation control [59], and atomic layer 
deposition of alumina to decrease noise by changing the chips surface chemistry [60] are 
also being studied.   
Solid state pores do have drawbacks however, initial ssDNA translocation 
experiments resulted in blockades with seemingly random duration, shape, and 
magnitude as opposed to the well-defined blockades measured using α-hemolysin [61, 
62], although a later nucleic acid experiment distinguished ssRNA from dsRNA by their 
differing ionic current blockade response to applied voltage [63].  They also do not have 
the reproducibility or atomic level accuracy of a genetically controlled protein pore.  In 
addition solid state pores have been found to have greater capacitance, and other noise 
issues related to surface phenomena as compared to biological pores [64-66]. 
13 
 
Nevertheless, these issues do not outweigh the benefits and have only led to more 
creative and superior devices implementations over the years.   
1.4 Protein Analysis Using Nanopores 
The analysis of protein is considerably more complex than DNA since proteins 
have a heterogeneous charge distribution along the length of its primary amino acid 
sequence, whereas DNA has a homogeneous negative charge along its phosphate 
backbone.  Proteins, which can be composed of over 20 different amino acids, also have 
complex folding states which induce both secondary and tertiary structures.  The 
motivation for studying proteins using nanopores includes applications in pharmaceutical 
science (i.e., drug-protein binding characterization), proteomics (i.e., protein folding and 
structure analysis), and biosensors (i.e., detecting disease relevant protein 
biomarkers) [67].  The following paragraphs will describe the methodology and rationale 
for designing both biologic and solid-state nanopores, specifically for studying protein 
binding and folding.   
An underlying, and fundamental questions which remains to be answered in the 
field of structural biology is how the linear amino acid sequence of a protein can 
reproducibly fold into a functional protein.  Furthermore, the intermediate folding states 
of these proteins are even less understood and are likely to occur on timescales which are 
not able to be probed with current technologies.  Discovering structure-function 
relationships is not only the goal of proteomics but could also lead to further 
understanding of disease-related protein misfolding (i.e. Alzheimer’s disease, prion 
diseases, etc.).  The basic method for studying protein folding using nanopores is 
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inducing a structural change (i.e. unfolding) in the protein while detecting that change 
using the ionic-current blockade method.  The method for inducing structural change in a 
protein, however, is more complicated and involves altering the balance of chemical, 
physical, electrostatic, electrophoretic, and entropic forces which act on the protein.  The 
two experimental paradigms used to date include using a chemical denaturant to unfold a 
protein and, secondly, designing the pore to be smaller than the protein such that the 
protein unfolds due to the pore-protein interaction which is driven by an electrophoretic 
force.  It has also been suggested recently that when the protein is inside the pore (a 
region of high electric field strength), the positive and negative amino acids can be pulled 
in opposite directions and potentially induce protein unfolding [68].  These effects and 
the forces which induce them are largely dependent on experimental conditions. 
 Aside from protein folding, protein binding is another area of nanopore research 
which is performed by modifying the nanopore to include a protein binding site.  The 
binding kinetics (such as the association rate constant and dissociation rate constant) of a 
protein can be interrogated by monitoring the presence of the protein or binding element 
inside the pore using the ionic current blockade method [69].  Pharmaceutical companies 
in particular can benefit from these techniques since the interaction of drugs with proteins 
is a main component of drug design and development.  Furthermore, a particular protein, 
such as a biomarker, can be detected since protein binding is extremely specific and is 
advantageous since no labeling or amplification steps are required [70].  Alpha-
hemolysin, which has been extensively used for DNA analysis, can be used for small 
protein analysis since the amino acid chain is smaller than the limiting aperture of the 
pore [71, 72].  The binding sites of larger proteins can still be interrogated, however, by 
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engineering the pore to include a polymer chain which places the protein binding site 
outside the pore.[69]  Further work with modifying alpha-hemolysin using mutagenesis 
has shown the ability to detect a number of different proteins [73, 74].  
 The design of solid-state nanopores specifically for protein analysis has been 
more challenging due to the inability to functionalize the pore with a single reactive 
group allowing for single molecule binding [70].  Ongoing research to chemically modify 
the surface of the pore, coat the pore with another material, or both has demonstrated the 
importance of making solid-state nanopores more specific to the analyte molecule 
however the precision of these methods does not compare to the single-site mutagenesis 
of alpha-hemolysin [75-77].  Permanent protein binding and blocking of the pore has 
been demonstrated however the transient binding affinities (i.e. rate constants) were not 
obtained using this experimental set-up [78].  An alternative method for identifying a 
protein not based on affinity has been demonstrated recently in which proteins were 
unfolded inside a nanopore and the excluded volume of each protein were able to be 
distinguished along a local segment of the polypeptide chain.  In this experiment, points 
in which the protein would stop moving inside the pore may be critical to characterizing 
the protein.  The mechanism for stalling is based on the primary sequence of charges 
along the amino acid chain which resides inside the pore [68].  Therefore, the thickness 
of the solid-state membrane is a critical component of designing such an experiment 
since this will determine how many amino acids reside inside the pore.  Solid-state 
nanopores has the advantage for studying protein folding as their geometry and surface 
chemistry can be modified however the lack of precise  functionalization currently is 
hindering solid-state nanopore protein binding advancements.   
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1.5 Objectives and Specific Aims 
 To achieve the objective of studying protein folding and binding kinetics using a 
nanopore, a set of specific aims was generated in the beginning of the study to guide the 
direction of research.  Each specific aim will attempt to answer some of the key 
fundamental questions that surround this new technique of sensing as well as generate 
potentially high-impact data which can lead to better bio-analytical and/or diagnostic 
devices.  
1.5.1 Specific Aim 1: Fabricate and optimize the nanopore for the detection of 
proteins. 
If nanopores are to be used to study proteins, a number of issues must be 
addressed and include low throughput/clogging, unknown effect of voltage on protein 
structure, unknown effect of voltage on protein binding, variable sensing characteristics 
with pore size, as well as no side-by-side comparison between various pore types.  This 
thesis will aim to provide solutions to all of these issue however this particular aim will 
focus on the optimization of pore type, pore size, and pore surface to enhance protein 
sensing and maximize throughput.  The development of methods to prevent protein 
clogging is crucial to the future of the field.  This aim will address the challenges of 
nanopore fabrication and the recording of usable data. 
 
1.5.2 Specific Aim 2: Determine whether protein structure can be altered or 
manipulated using nanopores. 
17 
 
One of the most interesting and least studied denaturing forces is the electric field 
perhaps due to the difficulty in controlling and measuring the unfolding effect on 
proteins.  Nanopores are a unique device for both controlling the electric field-induced 
unfolding forces as well as monitoring the shape change which occurs on the single 
molecule level.  Validating the nanopore as a single molecule protein unfolding device is 
the goal of this aim.   
1.5.3 Specific Aim 3: Use protein complexes to determine if unbinding can occur 
within the pore and if protein complexes can be accurately detected.   
A number of issues can potentially arise when attempting to specifically sense 
protein complexes for diagnostic purposes.  Even if the conformation of a protein is not 
distorted within the pore due to the electric field, the non-covalent nature of the bond still 
allows for unbinding within the pore and there is a fundamental probability of this 
happening within the translocation time assuming no other unbinding forces.  This aim 
attempts to answer whether the probability of unbinding is increased due to the electric 
field which exists almost exclusively within the pore.  Characterizing the unbinding with 
respect to voltage and pore size would yield the most helpful information for future 
studies since pore size and voltage are the parameters with the greatest degree of study-
to-study variability.  In this aim we will also use a low voltage to keep the protein 
complex intact and study the size increase detected as compared to the theoretically 
expected size increase upon binding.  
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Chapter 2: Fabricating Nanopores for Protein Analysis 
 
2.1 Introduction 
2.1.1 Nanopore Fabrication Techniques 
The process of making a nanopore chip most commonly utilizes a silicon wafer 
with silicon nitride layers over both sides as a starting material.  Using photolithography, 
a square free standing membrane or “window” is fabricated in the wafer. Once the 
membrane is formed, there is a divergence in fabrication methods which is rooted in the 
desired pore size.  The two types of fabrication methods are classified by the instrument 
that is used which is most often the JEOL 2010F field emission transmission electron 
microscope and a focused ion beam (of varying makes and models).  Pores with radii in 
the range of 3 – 6 nm can be directly drilled with the electron beam of the TEM and 
therefore is popular for DNA analysis [44].  The time for pore formation varies 
depending on the intensity of the electron beam, ranging from 30 sec to 2 minutes for a 
200 keV beam at ~ 2.5  108 e/nm2 [44].  By manipulating the intensity of the electron 
beam, the shrinking and expanding process can be controlled until the desired diameter 
has been reached. In order to fabricate 10 – 20 nm diameter pores, a 5 nm diameter pore 
can be further expanded by an electron beam.  The time to expand nanopores from 5 nm 
to 20 nm is less than 5 minutes. Single digit nanometer scale fabrication with the TEM 
also allows the fine-tuning of the shapes of nanopores as well.  This allows for the 
creation of circular nanopores as shown in Figure 2.1 (a and b).  In order to obtain larger 
pores (50 – 500 nm), a Ga+ focused ion beam can be used to etch through the membrane 
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(Figure 2.1c) [79, 80].  Both methods for producing solid-state nanopores provide visual 
feedback during the formation process and allow controllable fabrication of the desired 
sizes. 
 
 
Figure 2.1. Our fabricated solid-state nanopores on a 50 nm thick Si3N4 membrane 
supported by silicon. 1.8 nm (a), 10 nm (b) diameter pore drilled by TEM, and 150 nm 
(c) diameter pore drilled by the FIB. 
 
2.1.2 DNA versus Protein Sensing 
In the past and still present, double stranded DNA has been a relatively ideal 
analyte to be studied with nanopores since it can be designed to virtually any length, 
usually stays linear, and the backbone of the polymer has a homogeneous negative 
charge [30, 81, 82].  The length of the molecule is an important characteristic since it has 
been shown to be directly related to the time required to pass through the pore and 
therefore most experiments used DNA which did not invade the lower limits of the 
recording equipment’s temporal resolution [82].  The linear nature of double stranded 
DNA acts to reduce the probability of clogging the pore and allowed nanopore 
researchers to make simplifying assumptions when doing their analysis [83].  Lastly, the 
homogenous negative charge on DNA prevents electrostatic repulsion between the joined 
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monomers while inside the pore which would likely produce unstable molecular 
structures.  
As the role of nanopores shifts from mainly being a DNA sensor to being one that 
can also sense, study, and explore protein structure and function, new challenges have 
also arisen.  Proteins, for example, are composed of a diverse set of monomeric units 
whose molecular properties, such as charge, polarity and hydrophobicity, are not 
homogeneous throughout the polymer chain.  As a result, proteins fold into complex 
three-dimensional configurations [84].  For nanopore experiments, the consequences of 
this fact are not trivial.  Although proteins come in all shapes and sizes, folded proteins 
tend to be in compact globular states ( making their overall length shorter than their linear 
form) which means that the total time spent inside the pore is very short [85].  
Optimization of the signal to noise ratio required to detect these events is therefore an 
important consideration.  A heterogeneous charge distribution also means proteins can 
unfold in the presence of an electric field since positive and negative amino acids will be 
pulled in opposite directions [68].  This is important in nanopore experiments as well as 
biology since electric fields are applied across the pore in the laboratory and exist 
naturally across biological membranes.   
In spite of these difficulties, a number of pioneering experiments have been successfully 
performed using both biological and solid-state nanopores.  These experiments fall into 
one of three main groups: those that study protein binding [73], protein folding [68], or 
biomarker detection [86].  Nanopores have recently been used to study the properties of 
bovine serum albumin (BSA) and were successful in estimating the size and charge of the 
folded state [19].  Others have performed a detailed study investigating the non-specific 
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adsorption of BSA to the pore surface [85].  Solid-state nanopore have also examined 
protein folding using β-lactoglobulin and urea as a denaturant [68].  However, the 
proposed mechanism of detection and the analysis that followed was based on the 
existence of stall points (i.e. where the protein would momentarily stop moving inside the 
pore).  The protein-pore interaction is an interesting and important phenomenon whereby 
the protein sticks to the pore for a prolonged amount of time thereby increasing the 
resistance of the pore.  Based on how the protein interacts with the pore (free 
translocation, single or multiple binding/sticking events), different physical 
interpretations of event duration can be employed.  For example, the use of event 
duration has been used to calculate charge [19], desorption rate constants [87], and the 
effect of electroosmotic flow[88]; however, in all cases certain assumption about how the 
protein interacts with the pore had to be made.   
2.1.3 Chemical Modifications 
When it comes to surface modification, a number of characteristics of the surface 
can be altered including the charge, exposed chemical groups, surface energy, chain 
length, and others. Nanoscale control of the surface offers a number of advantages 
including direct control over pore-analyte interactions.  This can be important for slowing 
down a molecule or even recognizing a molecule by its binding.  With nanopores, the 
membrane is most commonly made out of silicon nitride.  The most common surface 
modification for such a material is referred to as a silane which is a silicon atom with one 
or more modifiable side chains.  This form of modification is highly versatile and 
virtually any side chain can be used.  Before we resort to the difficult task of modifying 
the pore, a brief discussion of why pH is not used to modify the surface is worthwhile.  In 
22 
 
solution, silicon nitride is known to acquire a negative surface charge density of  -0.02 
C/m2 [89] at neutral pH owing to the deprotonation of native silanol groups. Because 
silanol groups have a pKa value in the range of 4 to 4.3 [90] reducing the electrolyte pH 
below 4 would neutralize them and thus lower the surface charge density of the 
membrane. However this could also destabilize our analyte molecules and was hence not 
a good option for altering the charge of the membrane. In addition, the range of charge 
variation is limited when using pH and excludes other important characteristics of the 
membrane.   
 Silanes have been offered as an ideal candidate for surface modification however 
other techniques do exist but were not used in this study for several good reasons.  The 
second most common modification that is utilized in the nanopore sensing community is 
the deposition of a metal or oxide layer over the silicon nitride.  The downside of this 
technique is that the thickness of the membrane increases and the pore size decreases in 
an uncontrolled fashion.  It also extremely difficult to make small pores without 
completely closing out the pore.  Therefore, the advantage of silanes over metal or oxide 
coating is the self-assembling process which creates a highly uniform and thin layer.  
Using TEM imaging, the silane layer was found to be 0.6-2.5 nm in thickness depending 
on which silane was deposited [46].   
2.1.4 Capture Rate Theory 
The physics of protein capture depend on several fundamental equations including 
the Laplace equation (for the electric field) and the equations governing the diffusion of a 
molecule.    A single pore within a biased membrane sets up an electric field that is 
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maximum within the pore and drops off exponentially on either side.  In terms of its 
effects on an analyte molecule, this creates an attractive, funnel-shaped potential 
landscape that drives the translocation process.  At some distance away from the pore, the 
protein molecule transitions from a diffusion-dominated regime to an electrophoretically-
driven regime.   The equation for the (concentration-normalized) diffusion-based capture 
rate (Rdiff [min-1 nM-1]) is given by [91]: 
    
(2.1) 
where r* is the distance (i.e. radius) from the pore in which the protein leaves the 
diffusion-dominated regime, D is the diffusion coefficient, d is the diameter of the pore, μ 
is the electrophoretic mobility, and l is the length of the pore.   
In some cases the protein is captured and immediately translocated through the 
pore leading to a linear increase in the capture rate with voltage as described by the above 
equation.  However, once near the pore the protein can also reach an entry barrier 
prohibiting the immediate translocation of proteins.  In the case of DNA, the threading 
probability is often used to derive the observed translocation rate.  For proteins we use a 
more general form of the equation which is given by: 
ܴ௕௔௥ ൌ ߱expሾሺq∆V െ Uሻ/kୠTሿ   (2.2) 
where q is the effective charge of the protein, and U is the energy barrier height without 
any voltage applied.  Here, ω is generally interpreted as the attempt rate to translocate.   
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2.2 Fabrication and Characterization Methods 
2.2.1 Nanopore Fabrication 
Nanopores were drilled in a 50 nm thick free-standing silicon nitride membrane 
which was supported on all sides by a silicon chip (5.5×5.5 mm2).  Fabrication of this 
membrane consisted of first depositing a layer of low-stress silicon nitride on a silicon 
wafer using low pressure chemical vapor deposition (LPCVD) followed by 
photolithography, deep reactive ion etching (DRIE) and KOH etching to form a 50×50 
μm2 square membrane. Two types of nanopores were fabricated, characterized, and used 
for protein sensing.  The first type, which utilizes a transmission electron microscope 
(TEM), is most commonly used for sensing molecules below 15 nm in diameter and 
therefore commonly employed for sensing DNA and proteins.  By modifying the intensity 
of the electron beam using well-established techniques, pores could be shrunk or expanded 
to the desired size [44].  The second type of pore was first drilled using a focused ion 
beam (FIB, FEI Strata DB235) and then shrunk using a scanning electron microscope 
(SEM, Zeiss Supra 50VP).  SEM-induced shrinking was utilized in this experiment in 
order to obtain smaller pore sizes than the FIB can normally create. The rationale for 
investigating FIB/SEM pores is based on the fact that pore conductance is greater for 
thinner membranes.   This can be observed from the TEM image shown in Fig. 2.2 (c).  
Pores with greater conductance are of interest since they are expected to yield a greater 
signal to noise ratio.   
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2.2.2 Chemically Modifying Nanopores 
Prior to chemically modifying the pore surface, the chips were cleaned in piranha 
solution (7:4 v/v H2SO4:H2O2) for 15 minutes and treated with oxygen plasma for 5 
minutes on each side.  Two types of silanes were investigated in the present study and 
were selected based on two specific hypotheses.  (3-Aminopropyl)triethoxysilane 
(APTES, Sigma-Aldrich, Cat. #A3648) was selected based on the observation that the 
number of translocation events (i.e. capture rate) can be increased by modifying the 
surface charge of the pore [79, 92, 93].  In solution, silicon nitride acquires a negative 
surface charge density (-0.02 C/m2) at neutral pH which is expected to repel negatively 
charged molecules [89].  Alternatively, by chemically modifying the pore with APTES, 
positively charged amine groups become attached to the membrane surface making it 
energetically favorable for negative molecules to approach the pore. The existence of the 
APTES on the pore was also confirmed by TEM imaging (Fig. 2.2d) and energy 
dispersive X-ray spectroscopy (EDS) which showed a 7.7 atomic % increase in nitrogen 
content around the pore.   The second silane, 2-[methoxy(polyethyleneoxy)propyl]-
trimethoxysilane (PEG silane, Gilest Inc., SIM6492.66), was selected based on its well-
established ability to prevent non-specific protein adsorption.  The desired silane (35 μl) 
was vaporized in a vacuum chamber which contained the cleaned chip.  The chips were 
then annealed at 150 ⁰C for 3 hours.  
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Figure 2.2.  (a) Nanopore flow cell schematic.  (b-d) TEM images of nanopores with and 
without silane modifications. 
 
2.2.3 Patch Clamp Experiments 
Pore characterization and event recording was accomplished by placing the 
nanopore between two electrolytic half cells filled with buffered potassium chloride.  The 
nanopore chip was held in place using a custom built polycarbonate flow cell with PDMS 
gaskets to assure that the only path of ionic current is through the nanopore.  Electrodes 
(Ag/AgCl) were placed in both chambers and connected to the headstage of a patch 
clamp amplifier (Axopatch 200B, Molecular Devices Inc.) which allowed the ionic 
current to be measured under constant voltage.  
Nanopores were characterized by applying voltages in stepwise increments and 
recording the current at each voltage.  By averaging the current at each increment, a 
current-voltage curve was generated where the slope corresponds to the conductance of 
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the pore.  Since the pore is the only path for ionic flow, the open pore conductance is 
directly related to the size of the nanopore.  Similarly, when the pore becomes clogged 
with proteins, the conductance should decrease due to the hindered flow of ions passing 
through the pore.  Therefore, current-voltage curves were generated before and after the 
addition of protein to the flow cell.   
Prior to each experiment, protein solutions were made fresh by diluting the 
desired protein into buffered 2 M KCl for a final protein concentration of 10 nM.  In 
order to study the biophysics of the protein (i.e. a structural change), we also prepared 
protein samples in 8 M urea which is a strong denaturant [94].  At this concentration of 
urea, the protein is expected to undergo a marked conformational change which we also 
verified using hydrodynamic diameter measurements. After characterization of the pore, 
protein was injected into one chamber of the flow cell while a constant voltage is applied 
across the pore.  Protein translocation events, defined as transient decreases in current, 
were detected using a threshold and characterizing features were extracted including 
event duration, event amplitude, and event frequency. Event detection was performed 
using custom Matlab scripts.  Event durations were calculated by using the width of the 
event half-way between the baseline current value and the maximum current drop value.  
Event statistics (i.e. average current drop value and average translocation time) were 
obtained by Gaussian and Exponential fits of the data histograms using Origin 8.1.   
Event frequency was calculated by counting events within a fixed duration and dividing 
by the time of that duration.   
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2.3 Results 
2.3.1 Nanopore Fabrication and Characterization 
The first fabrication method that was used to form a nanopore was the well-established 
TEM-drilling technique.  This form of nanopore drilling uses a focused electron beam to 
sputter the silicon nitride membrane into an hourglass-shaped pore, as determined by 
TEM tomography [44].  It should be noted that a field emission electron source was used 
instead of the commonly used thermionic source since a higher flux of electrons is 
needed for pore formation.  Nanopores were drilled in a 50 nm thick silicon nitride 
membrane which was supported on all sides by a square silicon support structure.  
Fabrication of this membrane consisted of first depositing a layer of low-stress silicon 
nitride on a silicon wafer using low pressure chemical vapor deposition (LPCVD) 
followed by photolithography, deep reactive ion etching (DRIE) and KOH etching.  The 
free-standing membrane, lying in the center of the silicon chip, was then put inside a 
transmission electron microscope (JEOL 2010F) for nanopore drilling.  The tightly 
focused electron beam formed a 5 nm nanopore in less than 5 minutes and by modifying 
the intensity of the electron beam using well-established techniques, pores could then be 
shrunk or expanded to the desired size [51].   
The pore diameters were electrically characterized by measuring the current response 
given step increases in voltage (Figure 2.3).  The resistance of the pore is given by the 
reciprocal of the slope obtained by plotting the mean current versus voltage.  Resistance 
has the analytical form of Ω ൌ ఘு஺ ൌ
ఘு
గ௥మ where ρ is resistivity, A is the cross sectional 
area of the pore, and H is the pore length.  Since TEM-drilled pores have a well 
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characterized truncated double-cone structure [51], the radius is a function of the z-
height.  Therefore the resistance is evaluated by integrating ݀Ω ൌ ఘ	ௗ௭గ௥మ  in three parts 
corresponding to r being a linear function of z, a constant value, and once again a linear 
function of z.  Assuming the conical sections are symmetric, the total resistance can be 
simplified to 
Ω ൌ 2	ሺΩ௖௢௡௜௖௔௟ሻ ൅ Ω௥ୀ௖௢௡௦௧௔௡௧ ൅ Ωୟୡୡୣୱୱ ൌ 2 ቀఘ	ு೎೚೙೔೎ೌ೗గ௥ሺ௥ା୼௥ሻቁ ൅
ఘ	ுೝస೎೚೙ೞ೟ೌ೙೟
గ௥మ ൅	
ఘ
ଶ௥.         (2.3) 
For a 10 nm pore and 1.5 M KCl, the analytical conductivity given by ܩ ൌ ଵஐ  was 
calculated to be 40.0nS, which when compared to the experimental value of 44.3 nS only 
amounts to a diameter change of 0.6 nm.  For the 10 nm pore and 2 M KCl, the analytical 
conductivity was calculated as 50.0 nS which was significantly lower than the 
experimental value of 70.6 nS.  In order to fit the model to the experimental data, a pore 
size of 12 nm was used which means the pore is conducting ions as if it were 2 nm larger.  
For the 30 nm pore, which has a lower aspect ratio, the contribution of access resistance 
becomes much more significant.  Once again taking access resistance into account, the 
analytical conductance of 200 nS did not match the experimental value of 247 nS.  
However in order to obtain an analytical conductance of 247 nS, a rather small diameter 
increase of 3 nm was sufficient to correct the discrepancy.  The characterization of pore 
conductance using our mathematical model has shown that our nanopore sensors are 
conducting ions close to the values expected given the pore sizes obtained from TEM 
imaging.  Such small changes to the diameter can be attributed to assuming an internal 
profile that is perfectly symmetric and hourglass-shaped.   
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Figure 2.3. Electrical characterization of nanopores.  The slope corresponds to the 
experimentally determined pore conductance, G (in nanoSeimens).  Insets show TEM 
images of a 10 nm and 30 nm pore (scale bars are 5 nm and 10 nm, respectively) and the 
internal profile of a pore with labeled model parameters.   
 
 Fabricating SEM-shrunk nanopores was performed using a beam of gallium ions 
accelerated at 30 kV in a FEI Strata DB235 focused ion beam, through a 10 pA aperture. 
Under these conditions, by adjusting the drill time it is possible to reproducibly fabricate 
round pores with diameters ranging from 50 nm to > 400 nm.  Pores thus fabricated were 
shrunk under the electron beam of a Zeiss Supra 50VP field emission scanning electron 
microscope at various accelerating voltages and magnifications.  The elemental 
composition and morphology of the shrunk walls of the nanopores were further studied 
by TEM tomography and EDX analysis using a JEOL JEM2100 transmission electron 
microscope operating at an accelerating voltage of 200 kV. 
We found that, regardless of initial size, the nanopore diameter decreased when 
imaged in the SEM at accelerating voltages ranging from 10 kV to 0.5 kV and at 
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magnifications of 10,000 × (scan area of 11 µm × 8 µm) and upwards. Figure 2.4 (a-c) 
depicts TEM images of three 115 nm diameter pores that were shrunk by imaging at 1 kV 
and a magnification of 100,000 × (scan area of 1.135 µm × 0.86 µm) for 0, 5 and 10 
seconds.  From these images it is apparent that as the pores are imaged under the SEM a 
distinct layer, herein referred to as the shrinkage layer, forms along their circumference 
and develops inwards.  The layer appears to be amorphous and judging from the contrast, 
has a different thickness and density than the bulk membrane. It was also found that the 
layer grows uniformly from the entire circumference of the pore. In this manner it is 
possible to shrink the pores to less than 10 nm in diameter and even close them 
completely. The diameter of the pores decreases linearly with time and the rate of 
shrinkage is constant and reproducible under fixed conditions (Figure 2.5). 
To understand the shrinking process, several pores were shrunk under different 
conditions (Figure 2.5 a, b, and e).  As shown in Figure 3 (a and b), the rate of shrinkage 
is maximized at 1 kV and decreases with increasing accelerating voltage up to 10 kV, 
beyond which negligible shrinkage was observed.  The shrinkage rate also decreases as 
the accelerating voltage is decreased from 1 kV to 0.05 kV.  Due to the loss of imaging 
resolution, the shrinkage rate could not be measured accurately at lower accelerating 
voltages.  In all of the above cases, the pores were shrunk by imaging at a magnification 
of 150,000 ×, such that the total area scanned was 0.759 µm × 0.571 µm.  The relation 
between the shrinkage rate and accelerating voltage can be determined by considering the 
interaction of the primary electrons with the ultra-thin silicon nitride membrane [95]. 
When accelerated electrons impinge on a substrate they undergo either elastic or inelastic 
collisions with the substrate’s atoms. While there is negligible transfer of energy in case 
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of elastic collisions, inelastic collisions, which are more probable for low atomic number 
substrates, lead to energy transfer from the electrons to the substrate [96].  This decreases 
the kinetic energy of the electrons and hence their penetration depth into the substrate.   
 
Figure 2.4. TEM images of three 115 nm diameter pores fabricated by FIB milling and 
shrunk by imaging under the SEM at an accelerating voltage of 1 kV and a magnification 
of 100,000 × (scan area of 1.135 µm × 0.86 µm) for (a) 0, (b) 5 and (c) 10 seconds. The 
scale bar in each figure is 20 nm.  
 
Figure 2.5. The dependence of pore shrinkage rate on the accelerating voltage and time 
duration. The nanopore diameter decreases linearly with time and the rate of shrinkage 
remains constant throughout the process.  The squares, circles and triangle depict pore 
diameters while shrinking at 1 kV, 5 kV and 10 kV respectively. 
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The above analysis reveals a strong correlation between the rate of shrinkage and 
the amount of energy deposited within the membrane.  TEM tomography was used to 
further study the growth of the shrinkage layer and to determine the internal profile of the 
pore [44, 97].   Pores were fabricated in commercially available 500 µm × 500 µm, 
50 nm thick Dura SiN membranes (Electron Microscopy Sciences) and shrunk by 
imaging at 1 kV and 100,000 × magnification for different amounts of time.  The rate of 
shrinkage in these membranes was similar to our original membranes and the larger area 
allowed the pore to be imaged over a greater range of tilt angles thus providing better 
resolution in the final tomogram. 
Figures 2.6 (a-c) depict the internal profile of three 120 nm diameter pores shrunk 
for 0, 1 and 10 seconds respectively while Figures 2.6 (d-f) depict cross sections of their 
corresponding tomograms.  The tomograms are aligned such that in each case the pores 
were drilled and shrunk from the top surface.  The inverted hourglass shape of the walls 
of nanopore, as seen in Figures 2.5 (a and d), are a result of the ion beam’s Gaussian 
profile [98] and the lateral diffusion of ions during the drilling process.  Figures 2.6 (b, c, 
e and f) show that as the shrinkage initiates, the shrinkage layer first develops on the top 
surface and subsequently grows along the walls of the pore.  This layer is distinct from 
the substrate and the original walls of the pore are still visible in all the shrunk pores.  As 
the shrinkage progresses, the layer continues to grow from the walls of the pore finally 
meeting at the center.  It is interesting to note that the thickness of the region around the 
pore remains the same after shrinkage.  Further, Energy-dispersive X-ray spectroscopy 
(EDX) analysis shows that while the bulk of the membrane primarily consists of silicon 
and nitrogen with trace amounts of carbon and oxygen, the shrinkage layer contains 
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almost no nitrogen and significantly greater levels of carbon and oxygen with little 
change in the silicon content. While this might suggest that hydrocarbon contaminants 
are the cause of pore shrinkage, the EDX analysis was repeated after first treating the 
pores with boiling piranha solution (H2SO4 and H2O2 in a ratio of 7:4 volume/volume) for 
15 minutes and then subjecting it to oxygen plasma (6.8 W, 101.6 kPa) for 10 minutes 
and no change was observed in the shrinkage layer and the EDX spectrum as seen in 
Figures 5 (a and b). 
 
Figure 2.6. (a) TEM Tomography of FIB/SEM Pores. (b) EDX Spectrums of the native 
membrane and the shrinkage layer around the pore before and after piranha and oxygen 
plasma treatment.   
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2.3.2 Pore Adsorption for TEM and FIB/SEM Pores 
Protein adsorption hindered protein sensing with both pore types (TEM and 
FIB/SEM pores).  Very few events were recorded using TEM-drilled pores and large 
baseline current shifts were observed which was recognized as long term protein 
adsorption (Figure 2.7).  Large reductions in the baseline current were also observed for 
FIB/SEM pores however the reduction was more gradual (Figure 2.8).  The gradual 
versus fast current reduction is simply explained by the fact that a single protein molecule 
adsorbing to the pore wall affects the current less in a large pore, such is case with the 
FIB/SEM pore.   However it was also observed that the FIB/SEM pore often became 
unclogged faster and regained a normal current value.  
 
Figure 2.7. Long term protein adsorption events for TEM (a) and FIB/SEM (b) pores.  
The TEM-drilled pore was 5 nm in diameter and the FIB/SEM pore was 20 nm in 
diameter.  The protein used in this experiment was PDZ2.   
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Figure 2.8.  Ionic current recordings after adding PDZ2 to the flow cell.  (a) Shows a fast 
and permanent current blockade.  (b) Shows a more gradual reduction in current expected 
to be caused by protein adsorption. 
 
At the end of each of these experiments where protein was added to the flow cell 
(approximately 15 minutes from the addition of protein), a current-voltage curve was 
generated and compared to the curve generated without protein.  The change in 
conductance was used as a measure of long-lasting protein adsorption.  In addition to the 
two bare silicon nitride pores, we also investigated two silane coatings to see if long term 
adsorption could be prevented.  After 15 minutes the TEM-drilled pore reduced its 
conductance by 89.2% and stayed blocked throughout the time it took to collect data at 
the different voltages (that was needed to plot the current-voltage curve) (Figure 2.9a).  If 
the proteins were to desorb in the middle of the data collection period, we would expect 
to see a non-linear curve where the slope increases as the voltage becomes more positive 
(the voltage starts negative and makes gradual steps in the positive direction).  The 
FIB/SEM pore showed a decreased conductivity of 15.7% but in this case we see that the 
curve increases in slope as the voltage becomes more positive.  This data supports our 
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earlier assessment that FIB/SEM pores do not favor long-term protein adsorption but 
rather very short-lived sticking events.  Nevertheless, very few events could be recorded 
with the FIB/SEM pores.   
Based on the work of a several groups, charge modification of the pore surface 
has been shown to increase the number of events (i.e. capture rate) by reducing the 
energetic barrier to enter the pore [79, 93, 99].  Therefore in an attempt to increase the 
number of events observed with the protein (PDZ2 in this experiment), APTES was 
vapor deposited onto the pore surface making the pore positive at neutral pH.  However, 
the results showed a similar trend as the uncoated FIB/SEM pores: the current gradually 
decreased with no observable events.  Interestingly, the original open pore current was 
not recovered and it remained blocked with an 84.9% reduction in conductance (similar 
to the uncoated TEM pore, Fig. 2.9c).  It is expected that the increased charge on the pore 
promoted electrostatic binding of proteins and therefore increased the long term 
adsorption of proteins.  
In order to prevent protein adsorption, polyethylene glycol (PEG) chains were 
attached to the pore surface using silane chemistries.  It is expected that when a protein 
approaches the coated surface, repulsive forces attributed to steric hindrance and a loss of 
conformational entropy of the PEG chain, prevents the protein from coming close to the 
membrane’s surface [100].  The current recordings were stable and no long-lasting 
blockades were observed.  A significant increase in the number of recorded events was 
achieved and after the experiment, the conductance of the pore was reduced by only 12% 
(Fig. 2.9d). 
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Figure 2.9. Current-voltage curves for a (a) TEM pore, (b) FIB/SEM pore, (c) APTES 
coated FIB/SEM pore, and (d) PEG coated FIB/SEM pore.   
 
2.3.3 Capture Rate Analysis 
Due to unpredictable results using solvent-phase deposition of silanes, an 
alternative research aim was to investigate the seemingly time dependent nature of long 
term current blockades.  Traditionally the analyte, in most cases DNA, would be added to 
one chamber of the flow cell and a constant voltage would be applied for the entire 
recording time.  The recording time would generally last until the pore became 
irreversibly clogged or the desired number of events was collected.  With protein 
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analytes, however, this method of recording nearly always ended before any significant 
number of events could be recorded (Fig. 2.10).  In order to understand what is going on, 
the systematic study of the equations governing capture rate was undertaken.   
 
Figure 2.10. (a) Ionic current recording 1 minute, 5 minutes, and 10 minutes after 
applying a constant applied voltage (800 mV).  (b) After 10 minutes of applying a 
constant 800 mV voltage, nearly no events are recorded but rather long baseline shifts are 
observed.  Note: y-axes are scaled the same which indicates a single protein clogged in 
the pore in (a) and multiple proteins inside the pore in (b).   
 
 Keeping in mind Eq. 2.1 and 2.2, if Rdiff>Rbar then proteins would be brought to 
the pore mouth faster than they could translocate and the local concentration would be 
enhanced (Figure 2.11).  As a result, plotting the translocation frequency as a function of 
voltage would yield an exponential curve.  If Rdiff<Rbar then whenever a protein was 
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“captured”, it would stay around the pore until it was eventually translocated.  Essentially 
this scenario should lead to a very low probability of having proteins near the mouth of 
the pore.  In this case, plotting the translocation frequency as a function of voltage would 
produce a linear curve.   
 
Figure 2.11.  (a) Schematic representation of the nanopore with the dotted line 
representing the capture radius for proteins (red circles).  The concentration of the bulk 
(Cbulk) and of around the pore (Cpore) are labeled.  (b) Schematic of the free energy to 
translocate the pore.  (c) Schematic representation of the protein concentration at some 
time after the voltage is applied (t>tva) and (d) at a long time after the voltage is applied 
(t>>tva). 
 
 In order to test which capture mechanism was dominant, the translocation 
frequency would have to be calculated.  In order to even collect events, a protocol was 
developed which would limit the duration of a constant applied voltage.  A three-step 
voltage stepping protocol was developed for this purpose (Figure 2.12).  The first ~3.5 
second was the “record” mode in which useful data was recorded followed by a 
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unclogging step and a zero voltage step to allow proteins to re-randomize.  A second 
reason for the zero voltage step was that qualitatively it was noticed that the no-force 
condition (0 mV) unclogged the pore faster than the sudden negative voltage.    
 
Figure 2.12.  (a) Three-stage voltage stepping protocol: (i) record mode, (ii) un-clogging 
mode, (iii) re-randomization mode.  (b) Overlay of ~30 recordings showing a stable 
baseline current and only short, transient events.   
 
The fact that the voltage stepping protocol works at preventing long term events 
suggests that over longer time scales (>3.5 seconds) the concentration of protein is being 
enhanced around the pore.  Therefore, there is good reason to believe that Rdiff is larger 
than the barrier-dominated capture rate which can lead to crowding and enhanced 
clogging of the pore.  In order to verify which mechanism of capture is dominant, a 
voltage-dependent study must be conducted.  As preliminary analysis to prove there is a 
voltage dependency on capture rate and that proteins are not simply translocating the pore 
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due to the concentration gradient alone, the inter-event time distribution was found at 
four applied voltages (Figure 2.13).  The inter-event time parameter forms a Poisson 
distribution with a variance that depends on the applied voltage.  The Poisson 
distributions here are plotted as a cumulative distribution function which shows the 
changes between voltages most clearly.  With an applied voltage of 200 mV, the inter-
event time distribution has a large variance compared to the 800 mV condition.  At 800 
mV, the probability of obtaining an inter-event time greater than 1.5 seconds is extremely 
low (<1%).   
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Figure 2.13. (a) A representative current trace showing two events separated by the inter-
event time, δt.  (b) A plot showing the cumulative Poisson distributions of the inter-event 
time at four different voltages (200 mV, 400 mV, 600 mV, 800 mV).     
 
Using characteristic protein/pore properties (ω=100, q=3, U=0.76 eV, μ=10×10-4 
cm2/Vs) there exists three possible scenarios when studying the voltage dependent nature 
of the capture rate.  The first scenario is when the diffusion equation characterizes the 
200-800 mV range (Figure 2.14a).  The second scenario is when the barrier-dominated 
equation dictates the capture rate curve (Figure 2.14b).  Finally, the third scenario is 
when the barrier-dominated exponential equation is the limiting function at lower 
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voltages but the linear diffusion equation dictates the curve at higher voltages.  Where the 
exponential  curve is dominant, aggregation or crowding of proteins around the pore 
occurs but when the effective capture rate is linear, aggregation does not occur. 
 
Figure 2.14.  Representations of diffusion-dominated capture rate and barrier-
dominated capture rate as a function of voltage.  (a) The diffusion rate towards the pore is 
higher than the actual translocation rate dictated by the entropic barrier leading to an 
effective capture rate that has an exponential dependence.  (b) The barrier-dominated rate 
of translocation is higher leading to immediate translocation of proteins and a linear 
diffusion-based capture rate.  (c) An intersection of the two curves can lead to an 
exponential dependence at low voltage and a linear dependence at higher voltages.   
 
Using the voltage stepping protocol, three experimental conditions were tested in 
order to study the capture kinetics with voltage: (1) 0 M urea in both cis and trans 
chambers, (2) 8 M urea in cis chamber and 0 M urea in the trans chamber, and (3) 8 M 
urea in both the cis and trans chambers.  The capture rates start out having an exponential 
dependence however in the 0 M urea condition, there is a barrier-dominated regime and a 
linear diffusive regime (Figure 2.15).  The decreased capture rate when comparing the 0 
M condition to the 8 M condition is due to an increased energy barrier for the unfolded 
protein to translocate the pore.  The unfolded protein has a larger hydrodynamic radius 
and a higher number of degrees of freedom which makes entering the pore have a higher 
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energetic penalty.  Using well-established techniques, the energy barrier for each 
condition can be calculated based on the capture data and the pore geometry.  As 
expected, the energy barrier for the folded protein was found to be 1.9 kT whereas the 
unfolded protein had an energy barrier of 3.3 kT.  In comparison, a similar study found 
the energy barrier for folded maltose binding protein (MBP) to be ~7.4kT and 10.4kT for 
the unfolded protein (Table 2.1) [101].  The increased barrier heights for this protein are 
likely due to the size of the protein relative to the pore.  In this work, the proteins average 
diameter can be estimated to be ~2.5 nm which was studied using a 15 nm pore.  MBP 
has a reported average diameter of 5 nm which was studied using a 20 nm pore.  The 
relative size of pore is larger in this study which means the confinement effects on the 
protein are less.   
 
Figure 2.15. Capture rates for three experimental conditions as a function of 
voltage (200-800 mV).  Solution conditions include 0 M urea in both sides of the flow 
cell (circles), 8 M urea in the cis chamber only (triangles), and 8 M urea in both chambers 
(squares).  All experiments were conducted with a 15 nm pore, 2 M KCl, and with the 
PDZ2 protein.   
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Table 2.1. Comparison between previous published data on the entropic energy barrier of 
a solid-state nanopore.   
 
 
 The condition where 8 M urea is in one chamber and not the other represents an 
asymmetric conductivity state since urea increases the viscosity of the solution and 
decreases the electrical conductivity.  Using a conductivity meter, a solution of 2 M KCl 
and 8 M urea yielded a conductivity of 112 mS/cm.  This is significantly lower than the 
conductivity of 2 M KCl which was measured to be 200 mS/cm.  If the fluidic cell is 
thought of as a set of three resistors connected in series (RKCl-cis, Rpore, RKCl-trans), the 
effect of decreasing the conductivity and increasing the resistance of RKCl-trans is an 
increase in the voltage drop within that compartment of fluid.  The increase in the voltage 
drop yields a larger electric field which in turn enhances the capture of charged 
molecules.  Asymmetric conditions where the reduced conductivity solution has the 
analyte yields a greater barrier-dominated capture rate and a greater diffusive capture 
rate.  Since the protein is unfolded the two curves that should be compared are the 8 M-
cis condition and the 8 M-cis and trans condition.  The asymmetric condition has the 
higher capture rate due to the greater voltage drop in the cis chamber (Figure 2.16).  
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Using COMSOL, the electric field profile was obtained verifying the cause of the 
enhancement in capture rate (Figure 2.15). 
 
Figure 2.16.  The electric field distribution on the cis side of the flow cell under 
symmetric (0 M Urea/0 M Urea) and asymmetric (8 M Urea/0 M Urea) conductivity 
conditions.  The urea concentrations were simulated as a change in solution conductivity 
which was measured experimentally to be 112 mS/cm and 200 mS/cm for 8 M urea and 0 
M urea, respectively.  The electric field was solved using the Conductive Media module 
in COMSOL.   
 
2.4 Discussion 
In this chapter, the aim of determining the optimal method of protein sensing using 
nanopores was addressed.  Specifically, we have shown the advantages and 
disadvantages of using FIB/SEM and TEM pores.  This was established by characterizing 
each pore type in terms of its long-term protein adsorption propensities.  The observed 
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difference between the two pore types was found to be due to the surface properties of the 
FIB/SEM pores which we also showed could be modified using silane chemistries.  
Although a successful candidate silane was found, the inability to create sub 10 nm pores 
via FIB/SEM and the long and inconsistent silane coating process made FIB/SEM pores 
non-ideal for nanopore sensing. Using TEM-drilled pores were, in the beginning, non-
ideal also since long-term clogging was actually worse with these pores.  However by 
observing the time dependent nature of the events and clogging of the pore, research into 
the capture kinetics of proteins yielded several significant contributions to protein 
sensing.  The first is that protein crowding around the pore entrance was discovered and 
analytically described and fitted to experimental data.  Secondly, a method to avoid 
crowding around the pore was developed in which the voltage was automatically stepped 
up and stepped down to achieve disbursement of the crowded proteins.  Thirdly, the 
effect of asymmetric conductivity on capture rate was demonstrated.  Finally, the 
crossover of the two capture rate equations was experimentally demonstrated.   
 The significance of this research is that it addresses a fundamental and well-
known problem in nanopore sensing of proteins [85].  A single report relevant to protein 
adsorption in nanopores outlined the basic characteristics and kinetics of the adsorption 
phenomenon but no solutions to the problem were suggested.  Here we have found that 
changing the surface properties of the pore via SEM-induced shrinking and silane surface 
modifications offer one potential solution.  The SEM-induced shrinking is unique since 
the membrane surface is largely still silicon nitride and the carbon deposition is only 
within the region of the pore offering the added benefit of selectively modifying the 
region around the pore.  Silane modifications on the other hand coat the entire membrane 
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surface.  The modified voltage protocol used to prevent protein aggregation is truly the 
best method since the protocol can be put in place mid-experiment and can also be 
modified according to the experimental setup (i.e. pore size, protein being used). 
 Future work in the area of nanopore fabrication for enhanced protein sensing 
should focus on other membrane materials or easier surface modification protocols for 
silicon nitride.  A recent and popular membrane material is graphene which offers the 
unique advantage of being one atom in thickness.  Since these pores have virtually no 
internal profile there would be very little surface area available for adsorption.  Graphene 
also has a much narrower and focused electric field drop and would allow a protein’s 
secondary structures to be sensed and potentially unfolded individually.  The silicon 
nitride membrane could be thinned using the FIB but protein adsorption would likely still 
be an issue [102].  Other novel methods to reduce protein adsorption to the pore include 
coating the silicon nitride with a lipid layer [103].  The protein of interest is sensed when 
it binds to the binding partner which is integrated into the lipid membrane.  Through 2D 
motion of the lipid layer, the charged proteins migrate along the membrane surface until 
they enter the pore.  There are obvious limitations with this method such as requiring 
proteins to bind to a lipid-integrated protein which not all proteins inherently do on their 
own.   
2.5 Conclusion 
 At the start of this research, few researchers attempted to pass proteins through 
solid-state nanopores and little was known about the kinetics of translocation.  Previous 
reports by other groups used bare silicon nitride and a pore directly fabricated using a 
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TEM or FIB.  Here, TEM and FIB/SEM pores were tested in addition to two silane 
surface modifications (APTES and PEG).  Out of these pores we found the most suitable 
and robust pore was a bare silicon nitride pore drilled using an electron beam.  The key to 
sensing with this pore type however is to use a modified voltage protocol which applied 
three voltage steps: (1) a recording voltage step which drives the analyte through the 
pore, (2) a reverse voltage step which is meant to unclog the pore, and (3) a zero voltage 
step which allows the proteins to diffuse away from the pore and initiates the start of step 
1.  Using current theoretical formulations of diffusion-based and barrier-dominated 
capture rate, the success of the voltage step protocol was validated and explained.  The 
equations also predict that proteins crowd around the entrance of the pore which is the 
reason why pore clogging is enhanced.  The goal of the study, which was to optimize the 
sensing of proteins using nanopores, was accomplished using TEM-drilled pores and a 
unique voltage protocol. 
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Chapter 3: Protein Folding Analysis Using a Nanopore 
 
3.1 Introduction 
The folding of a linear amino acid sequence into a three dimensional structure is a 
crucial process in biology that yields a particular functional form of the protein [104].  
Due to the vast number of degrees of freedom of the polypeptide chain, folding is 
currently understood to occur on a complex energy landscape which directs the protein to 
the singular native state (i.e. the energy minimum) [105-108].  However a complete 
understanding of the process has yet to be achieved stemming from the interplay of a 
large number of interactions [109-112].  A fundamental problem involved with studying 
protein folding is that it is extremely difficult to characterize all states, i.e. the 
conformational ensemble, for a given protein [113-115].  The reason for this is partly due 
to the small energy differences between states leading to folding transitions that occur on 
extremely small timescales [116].  Experimental techniques that are capable of sampling 
from the conformational space and explore regions of the energy landscape that are not 
accessible in bulk are particularly useful for addressing this problem [109]. 
Single molecule methods have aimed to solve this problem by manipulating 
proteins under non-equilibrium conditions while simultaneously measuring single 
molecule properties [109, 117-120].  Despite advances in NMR which can now resolve 
low-populated protein states [121], the ability to unfold proteins as well as measure single 
molecule information is extremely powerful for characterizing uncharted regions of 
conformational space.  This has been most notably achieved using an atomic force 
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microscope in which proteins have been stretched in order to characterize folding 
forces [109, 118].  In terms of high-throughput analysis of molecules, however, 
nanopores have several unique attributes when it comes to single molecule sensing.  One 
of these is the ability to measure the volume of a molecule which provides information on 
molecular size and shape and solvent-solute interactions.  The second property can 
additionally provide indirect information about surface charge by the translocation time 
as well as the effective increase in size due to bound ions which screen charged regions 
of the molecule [19, 122].  The first property however is most advantageous for studying 
protein folding.  A series of experiments have demonstrated the ability of nanopores to 
discriminate between conformations of DNA [123] as well proteins with and without a 
denaturant [68, 101, 124-128].  Characterization of a single molecule’s unfolded state is 
also a unique attribute of nanopores since most bulk measurements cannot accurately 
describe the multitude of sub populations of states.  The non-equilibrium condition that 
nanopores provide is the necessary electrical force that drives the protein across the 
membrane and through the single nanopore drilled in it.  Since the majority of the applied 
voltage drops across the pore, when the protein approaches the pore entrance, it begins to 
experience an electric field proportional to the driving voltage (Figure 3.1c).  Due to the 
heterogeneous charge of the molecule, as well the existence of a net dipole moment, the 
electric field has been speculated to induce local or global unfolding of proteins [68, 
125].   
The nanopore technique allows one to probe the conformational space of proteins. 
Several studies with protein channels or solid-state nanopores have been able to detect 
the unfolding process [68, 101, 124-128]  with some experiments even generating 
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unfolding curves of wild type and/or mutant proteins using event frequency 
analysis [126-128].  In regard to studying the effects of the electric field, Pelta and 
colleagues [101] have investigated the translocation dynamics of the folded and 
completely unfolded states within the range of 50-250 mV for maltose binding protein.  
Within the 50-250 mV regime, they demonstrated that the folded state behaves as 
expected for a particle that does not change shape; namely that the amount of current 
blocked by the protein increases linearly with voltage and translocation time decreases 
with voltage.  For the conformationally dynamic unfolded state, they found a slight 
reduction in the excluded volume leading to a protein stretching hypothesis.  Further 
study by the same group confirmed the stretching hypothesis for the unfolded protein by 
showing that the normalized current blockage decreases up to 400 mV and becomes 
constant between 400 to 800 mV suggesting above 400 mV the denatured protein is fully 
extended inside the narrow pore diameter [124].  The question we aim to answer is 
whether elevated electric fields can unfold conformationally stable proteins and what 
conformations do the proteins assume within the pore.  In the current work we 
characterize the changes in residence time within the pore, current drop due to the 
protein, and the excluded volume of the protein as a function of applied voltage. 
Importantly, we perform these experiments with three variants of a protein domain, 
SAP97 PDZ2, each having distinct free energies of unfolding, GD-N.  We show that the 
electric field within the pore can denature the proteins and be used to obtain a relative 
measure of stability.  Therefore this represents a new approach to unfold proteins that can 
controllably manipulate the folding of a single protein within a localized region.   
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The protein that we are studying, SAP97 PDZ2 (Figure 3.1b), is a member of a 
ubiquitous protein domain family (PDZ) found within many organisms and in a few 
hundred proteins in humans [5].  It acts as a modular interaction domain that participates 
in holding together protein assemblies involved in signaling and subcellular transport [6, 
7].  Disruption of PDZ containing proteins through mutation has been implicated in 
several human diseases.  These include Usher syndrome, cancer, cystic fibrosis, 
Parkinson’s disease, and chronic kidney disease [8-10].  It is a relatively small protein 
domain (~4×5 nm) with a low net positive charge (+3.8e) at neutral pH.  The 109 amino 
acid sequence leads to an approximate contour length of 42 nm which even in its linear 
form would fit within the pore (Figure 3.1a).  Therefore all conformations can be probed 
without having to speculate about whether portions of the protein are outside the pore 
and, as a result, not being sensed.  Using the SAP97 PDZ2 and two site-directed mutants 
we characterized the folded as well as the chemically denatured state and found that both 
become further unfolded in the presence of an electric field. 
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Figure 3.1. (a)  Schematic showing the expected protein states in relation to the principal 
sensing element, a 15 nm solid-state nanopore, drilled in a 50 nm thick silicon nitride 
membrane.  (b)  Crystal structure for the SAP97 PDZ2 domain.  PDB CODE: 2X7Z.  (c) 
Finite element simulations showing the electric field plotted as a function of distance 
from pore center; pore dimensions: 15 nm diameter, 50 nm thick membrane.  This was 
performed over the range of 200-800 mV in which the effects on protein folding are 
investigated.  
 
3.2 Methods 
3.2.1 Protein Expression, Purification and Equilibrium Denaturation 
SAP97 PDZ2 was expressed and purified as described.[129, 130] The mutants, 
L322A and V388A, were made by inverted PCR using the cDNA of SAP97 PDZ2 as 
template (residues 311-407). The purity of the proteins was checked by SDS-PAGE and 
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their identity by mass spectrometry. Purified SAP97 PDZ2 variants were subjected to 
urea-induced unfolding experiments. The unfolding transition was monitored using Trp 
fluorescence (excitation at 280 nm and emission at 340 nm). Data were analyzed using 
the general equation for solvent denaturation as described [129, 130] to obtain the 
parameters mD-N (shared in the curve fitting) and [urea]50%, which were used to calculate 
GD-N and GD-N.  The PDB code for the wild-type SAP97 PDZ2 protein domain is 
2X7Z.  The sequence is given by the one letter amino acid code as follows:    
MHHHHHLVPRGSKPVSEKIMEIKLIKGPKGLGFSIAGGVGNQHWPG 
DNSIYVTKIIEGGAAHKDGKLQIGDKLLAVNNVALEEVTHEEAVTALKNTSDFV
YLKVAKPTS.  The expressed protein contained an N-terminal His-tag 
(MHHHHHLVPRGS) in addition to the I342W/C378A mutations. We have shown 
previously for other PDZ domains that the His-tag does not affect the binding and 
stability of the PDZ domains [129, 131].  The I342W/C378A mutations served (i) to 
insert a fluorescent probe (I342W) and (ii) to remove the Cystine residue (C378A), which 
otherwise might form PDZ dimers via S-S bridges.  The other two mutants used in this 
study were expressed using the same methods.  The second and third mutations (L322A 
and V388A) destabilized the domain due to the deletion of key interactions in the 
hydrophobic core.  
3.2.2 Fabrication 
Nanopores were drilled in a 50 nm thick free-standing silicon nitride membrane 
which was supported on all sides by a silicon chip (5.5×5.5 mm2).  Fabrication of this 
membrane consisted of first depositing a layer of low-stress silicon nitride on a silicon 
wafer using low pressure chemical vapor deposition (LPCVD) followed by 
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photolithography, deep reactive ion etching (DRIE) and KOH etching to form a 50×50 
μm2 square membrane. Pores were then drilled using a field emission TEM (JEOL 
2010F) forming pores with diameters of 15 ± 2 nm.   
3.2.3 Single Channel Recordings 
Pore characterization and event recording was accomplished by placing the 
nanopore between two electrolytic half cells filled with buffered potassium chloride (2 M 
KCl).  The nanopore chip was held in place using a custom built polycarbonate flow cell 
with PDMS gaskets to assure that the only path of ionic current is through the nanopore.  
Electrodes (Ag/AgCl) were placed in both chambers and connected to the headstage of a 
patch clamp amplifier (Axopatch 200B, Molecular Devices Inc.) which allowed the ionic 
current to be measured at various applied voltages. Signals were recorded at 250 kHz 
with a lowpass Bessel filter of 10 kHz.  Conductance measurements were performed prior 
to each experiment and were found to be within 5% of each other.   
3.2.4 Data Acquisition and Analysis 
Prior to each experiment, protein solutions were made fresh by diluting the 
desired protein into buffered KCl for a final protein concentration of 10 nM (diluted in 2 
M KCl, 10 mM potassium phosphate buffer, pH 7).  After characterization of the pore, 
protein was injected into one chamber of the flow cell while a constant voltage is applied 
across the pore.  Protein translocation events, defined as transient decreases in current, 
were detected using a threshold and characterizing features were extracted including 
event duration and event amplitude.  For gold nanoparticle translocation data, the same 
15 nm pore was used except with a reduced KCl concentration (0.2 M) to reduce 
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aggregation (0.15 mM triton was also used to reduce aggregation).  Particles were 
obtained through Cytodiagnostics Inc.  Event detection was performed using custom 
Matlab scripts.  Residence times were calculated by using the width of the event half-way 
between the baseline current value and the maximum current drop value.  Event statistics 
(i.e. average current drop value and average translocation time) were obtained by 
Gaussian and Exponential fits of the data histograms using Origin 8.1.   
3.3 Results 
3.3.1 Protein Characterization 
The mutants, L322A and V388A, were made by inverted PCR using the cDNA of 
SAP97 PDZ2 as a template. The purity of the proteins was checked by SDS-PAGE and 
their identity by mass spectrometry. Purified SAP97 PDZ2 variants were subjected to 
urea-induced unfolding experiments. The unfolding transition was monitored using Trp 
fluorescence (excitation at 280 nm and emission at 340 nm) and plotted as a function of 
urea concentration (Figure 3.2). Data were analyzed using the general equation for 
solvent denaturation as described [129, 130] to obtain the parameters mD-N (shared in the 
curve fitting) and [urea]50%, which were used to calculate GD-N and GD-N. 
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Figure 3.2.  (a) Wild type SAP97 PDZ2 (I342W/C378A) amino acid sequence with 
secondary structure graphically represented above the sequence.  Arrows show where the 
two destabilizing mutations are located within the protein.  (b) Equilibrium denaturation 
curves for each PDZ2 domain were obtained by measuring fluorescence as a function of 
urea concentration. Data were fitted assuming solvent denaturation of a two state system. 
 
3.3.2 Nanopore Characterization 
Nanopores were drilled in a 50 nm thick free-standing silicon nitride membrane 
which was supported on all sides by a silicon chip (5.5×5.5 mm2).  Fabrication of this 
membrane consisted of first depositing a layer of low-stress silicon nitride on a silicon 
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wafer using low pressure chemical vapor deposition (LPCVD) followed by 
photolithography, deep reactive ion etching (DRIE) and KOH etching to form a 50×50 
μm2 square membrane. Pores were then drilled using a focused electron beam (TEM 
JEOL 2010F FEG).  Pore characterization and event recording was accomplished by 
placing the nanopore between two electrolytic half cells filled with buffered potassium 
chloride (2 M, 10 mM potassium phosphate buffer pH 7).  The nanopore chip was held in 
place using a custom built polycarbonate flow cell with PDMS gaskets to assure that the 
only path of ionic current is through the nanopore.  Electrodes (Ag/AgCl) were placed in 
both chambers and connected to the headstage of a patch clamp amplifier (Axopatch 
200B, Molecular Devices Inc.) which allowed the ionic current to be measured at various 
applied voltages. Conductance measurements were conducted prior to each experiment 
and were found to be within 5% of each other.  A TEM image of a 15 nm pore, along 
with current-voltage characteristics, is shown in Figure 3.3.  Based on the IV curves, pore 
sizes had a deviation of no more than ±1-2 nm.   
Prior to each experiment, protein solutions were made fresh by diluting the 
desired protein into buffered 1M KCl for a final protein concentration of 10 nM.  After 
characterization of the pore, protein was injected into one chamber of the flow cell while 
a constant voltage is applied across the pore.  Protein translocation events, defined as 
transient decreases in current, were detected using a threshold and characterizing features 
were extracted including event duration, event amplitude, and event area (integrated area 
of the entire event).  Example ionic current recordings for the wild type SAP97 PDZ2 
domain at different applied voltages are shown in Figure 3.4.   
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Figure 3.3. Nanopore setup and electrical characterization of pores.  (a) TEM image of a 
15 nm pore drilled using a focused electron beam.  Membrane thickness is 50 nm.  (b) 
Ionic current recordings for step increases in voltage (-50 to 50 mV).  (c) Mean current-
voltage response for three 15 nm pores showing an ohmic response with an average pore 
conductance of 91.2 nS.   
 
 
 
Figure 3.4.   Example ionic current measurements for four different applied voltages 
(200, 300, 600, 800 mV) for the SAP97 PDZ2 domain.  Current drop and the frequency 
of events are observed to increase with voltage, as expected.   
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3.3.3 Competing Denaturation: Urea versus Electric field 
The work of Talaga and Li [68] demonstrated the ability of solid-state nanopores 
to discriminate between conformational states of a protein under three different urea 
concentrations.  Here we used protein solutions with no urea and 8 M urea and performed 
a comparative study of the changes between the native and unfolded state over a range of 
voltages (200-800 mV).  Through these experiments we intend to study several 
biophysical events: firstly, detect any changes in structure caused by the chemical 
denaturant urea, secondly, determine if the unfolded, flexible protein state changes as a 
function of voltage, and thirdly, determine if the native, stable protein state becomes 
unfolded at voltages above 200 mV.  The protein analytes used in this work are three 
different forms of the SAP97 PDZ2 domain; specifically the I342W/C378A double 
mutant referred to as the wild type [129], V388A and L322A (both also having the 
I342W/C378A mutations). The folding of all three SAP97 PDZ2 domains involves an 
intermediate but is best described as being two state in equilibrium denaturation 
experiments [130, 132]. The V388A and L322A mutations are destabilizing such that the 
change in global free energy of unfolding, GD-N upon mutation were estimated to be 
0.6 and 3.3 kcal  mol-1, for V388A and L322A, respectively, as determined from urea 
denaturation experiments at equilibrium. 
Using the V388A form of the protein domain, which has the closest stability to 
proteins used in previous works [68, 125, 133, 134], the dynamics of the current drop 
were investigated as a function of voltage.  The expectation would be that if the 
conformation of the protein (either folded or unfolded) was not changing within the pore, 
the current drop should increase linearly with voltage.  Such behavior has been shown 
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most recently by experiment [101] as well as with simulations (Section 3.3.7).  The 
observed trend in current drop however showed non-linear behavior over the range of 
voltages tested (Figure 3.5a).  At 200 mV, the absolute value of the current drop for 0 M 
and 8 M urea were 915 ± 10 pA (n=1719) and 965 ± 40 pA (n=992), respectively.  It 
should be noted that the increase in current drop upon adding urea corresponds to an even 
larger change in excluded volume since the conductivity of the solution is reduced upon 
adding urea.  At 300 mV, the absolute value of the current drop for 0 M and 8 M urea 
were 928 ± 17 pA (n=703) and 966 ± 46 pA (n=1635), respectively.  If we assume that 
the protein does not deform significantly across voltages, the current drop should roughly 
scale with voltage and therefore the values at 300 mV should be 1.5 times those at 200 
mV.  Instead at 0 M and 8 M urea, the current drop is identical, within error.  On the 
other hand, the current drop between 600 mV and 800 mV showed an increase of 1.63 
and 1.61 times for 0 M and 8 M urea, respectively, when it would be expected to be 
1.3(i.e. 800/600).  This behavior in the current drop suggests that the protein is changing 
its folding as the applied voltage is increased. 
The curve that best fits the dynamics of the current drop, and thus describes 
unfolding behavior, is shown to be a cubic polynomial which was chosen arbitrarily 
according to least error.  We expect this curve to be valid within the range of voltages 
that unfolding takes place.  At voltages at or below 200 mV we expect that the protein is 
stable and thus current drop would be linearly dependent with voltage, as shown by 
Oukhaled et al. [101]  We can further assume that the current drop will regain a proper 
scaling behavior when the protein is fully unfolded; however for the more stable domains 
this linear regime is believed to be above the maximum applied voltage allowed by the 
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recording system.  Given that a stable protein conformation yields a linear dependence 
with applied voltage, the mathematical function describing the current drop as a function 
of voltage seems to be a piecewise function where linearity is interrupted only when 
protein unfolding is occurring.  The linear dependence of a stable particle going through a 
nanopore of the same size was confirmed in a control experiment using 5 nm gold 
nanoparticles at a reduced electrolyte concentration (0.2 M KCl) to avoid 
aggregation (Figure 3.5a). 
In order to obtain size estimates for each protein state we used the equation for the 
excluded volume of electrolyte inside the pore given by: Λ=ΔIBHeff2/σV where ΔIB is the 
ionic current blockade amplitude, Heff is the effective length of the pore, σ is the 
conductivity of the electrolyte, and V is the applied voltage.  Despite the literature giving 
a value to Heff based on the thickness of the membrane, we have found this led to 
significant error in the calculation.  Since Heff is in the equation as an approximation of 
the electric field (V/Heff) which also significantly depends on the diameter of the pore, 
this is rarely an accurate assumption that should be used.  Here, we use the same Heff 
throughout which is justified and discussed later.  The magnitude was found by solving 
for the known volume of the folded state (~17 nm3) which gave a Heff value of 9 nm.  
Also, since excluded volume is dependent on the shape of the molecule which we do not 
know in this case we use variations in excluded volume to indicate shape changes.  
Therefore, implicit in the above equation is a shape factor of 1 [135, 136].   
The current drop value alone was observed to increase when 8 M urea was present 
(at 200 mV: 915 ± 10 pA (n=1719) and 965 ± 40 pA (n=992); although difficult to see in 
Figure 3.5a) however this increase represents an even larger increase in size due to the 
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reduced conductivity of the solution upon adding urea (205 mS/cm and 158 mS/cm for 0 
M and 8 M, respectively).  As initially expected based on previous results [125], the 
protein sample with urea has a larger excluded volume compared to the no urea sample 
particularly at lower applied voltages (Figure 3.5b).  The second observation is that the 
urea-induced increase in excluded volume is reduced as voltage is increased (Fig. 2b 
inset) indicating the folded and unfolded protein are blocking more similar currents at 
higher voltages.  The fact that unfolded proteins will block a lower fraction of current due 
to stretching was already confirmed [124] however in this case both protein states 
converge to produce similar electrical signals irrespective of the presence of urea. 
Since 8 M urea is known to completely unfold proteins [137] including SAP97 
PDZ2 [129], the changes in excluded volumes that are seen in the protein with urea, we 
hypothesize, are due to a folding force not related to intra-protein interactions but rather 
the conformational entropy of the unfolded protein chain [138].  There are two ways in 
which conformational entropy is low: when the protein is tightly packed into its native 
state and when the chain is linear which also highly restricts chain movements [138].  As 
the flexible protein chain enters the pore, we expect that the electric field causes the 
positive and negatively charged amino acids to align with the field and therefore 
overcomes the second form of conformational entropy.  Most interestingly, the protein 
without urea obtains this same excluded volume suggesting that the electric field is 
capable of overcoming both the interaction forces within the protein as well as the 
conformational entropy force which both find the linear conformation energetically 
unfavorable.  Given this interpretation, we can see that the protein with urea reaches this 
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linear state at 600 mV whereas the protein without urea requires a greater force to 
overcome the interaction energies between residues.   
It should be noted that the excluded volume values that we obtain are purely 
useful in understanding how the measurement changes in response to protein unfolding 
while making no explicit assumptions about the shape of the molecule.  These changes 
can then be further investigated through the mapping of various shape transformations 
computationally and correlating them to how the protein changes within the pore.  
Briefly, this was performed by considering an axial symmetric particle of radius rp and 
length lp submerged in an electrolyte solution that was able to change shape while 
keeping a constant occluding area within the pore.  Two state models did not explain the 
observed trends we saw experimentally and inevitably led to a two state excluded volume 
curve (Section 3.3.6).  However, using a particle with a constant occluding area of 36 
nm2 that gradually elongated in length from 6×6 nm (roughly the long axis of a fully 
folded SAP97 PDZ2 molecule) to 1×36 nm (roughly the length of the fully linear SAP97 
PDZ2 molecule), the observed trend agrees with the experimentally observed changes in 
excluded volume.  From this analysis we observed how various parameters such as 
molecular width and length affected the ionic current through the pore.  Thus, a general 
conclusion of this work is that changes in excluded volume can be used to identify 
changes in structure of the protein.  However as the aspect ratio of the protein becomes 
large (3×12 nm in this study), the excluded volume is not specific to a single structure.  
The residence time (i.e. time to translocate the pore) was similarly plotted over 
the same applied voltages (Figure 3.5c).  If we once again assume a protein which does 
not significantly deform across voltages, we would expect that the translocation time 
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would decrease exponentially with voltage as observed with folded proteins [101].  The 
exponential dependence is a characteristic of a free energy barrier to the translocation 
process which has been observed previously with proteins translocating both biological 
and solid-state pores [101, 139, 140].  Given our nanopores have a smaller diameter and 
larger membrane thickness than previous reports [101], the energy barrier will most 
definitely govern translocation kinetics.  Nevertheless, the observed curve for the folded 
state (Figure 3.5c) does not agree with the expected exponential dependence 
characteristic of previous experiments [101].  The 8 M urea curve follows a qualitative 
exponential reduction in residence time consistent with what we would expect assuming 
barrier-dominant translocation theory.  Interestingly, between 200 mV and 300 mV, the 
protein without urea significantly increases its residence time despite the electrophoretic 
force being increased.  Also, it obtains a residence time that matches more closely to that 
of the unfolded protein.  Above 300 mV, the sample without urea present continues the 
trend observed for the 8 M urea protein sample.  This initially suggests that the 
application of a mid-level voltage (~300 mV) causes a change in protein migration 
through the pore likely stemming from a change in protein conformation.  It should be 
noted that slower migration speeds of the unfolded state of a protein compared to the 
folded form has been observed with capillary electrophoresis [141]. In these experiments, 
a slower migration speed was due to a high-to-low transition in the protein’s 
electrophoretic mobility upon unfolding stemming from an increase in the protein’s 
hydrodynamic radius commonly linked to unfolding [125, 141].     To verify that PDZ2 
also undergoes a similar decrease in electrophoretic mobility, capillary electrophoresis 
was performed.  The migration time for the unfolded PDZ2 molecules was significantly 
68 
 
slower than the folded form (Figure 3.6).  The electrophoretic mobility for the folded and 
unfolded PDZ2 WT protein were found to be (-1.38±0.02) ×10-5 cm2/Vs and (-1.02±0.05) 
×10-5 cm2/Vs, respectively,  
Figure 3.5. (a)   Current drop 
parameter plotted as a function 
of applied voltage with and 
without urea for the V388A 
SAP97 PDZ2 domain.  Also 
plotted (right axis) is 
translocation data for a stable 
fixed-shape particle (5 nm gold 
nanoparticles: gold NP) 
showing a linear dependence 
with voltage. (b) Calculated 
excluded volume parameter as a 
function of applied voltage with 
and without urea.  Insets: the 
change in excluded volume 
between the samples with urea 
and without urea.  The 
experiments were performed in 
2 M KCl and 10 mM potassium 
phosphate buffer (pH 7).  Data 
was collected with the same 15 
nm pore at 200 mV (n0M=1719, 
n8M=992), 300 mV (n0M=703, 
n8M=1635), 600 mV (n0M=768, 
n8M=1968), and 800 mV 
(n0M=1493, n8M=5604).  (c) 
Residence time plotted as a 
function of applied voltage for 
protein samples with and 
without urea.  Insets: 
characteristic event traces for 
corresponding applied voltages 
at 0 M urea.   
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Figure 3.6. (a) Capillary electrophoresis data for the PDZ2 WT molecule at 0 M urea.  (b) 
Capillary electrophoresis data for the PDZ2 WT molecule at 4 M urea.   
 
It should be noted that the observed residence times are significantly longer than 
expected for our experimental conditions.  The electrophoretic velocity of a protein in an 
electric field is given by: vp=
qpE
6πηrp where qp is the net charge of the protein, rp is the 
protein radius, η is the viscosity of the solution, and E is the electric field strength.  Given 
the high aspect ratio of the pore, we can assume that the recorded residence time, τele, can 
be approximated by τele= Lporevp  and that the electric field by E=
Vapplied
Lpore
.  Using qp = +3.8e, 
rp= 2 nm, Lpore = 50 nm, η = 10-3 Pa s, V=200 mV, the theoretical residence time can be 
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calculated to be 0.73 μs.  Assuming no voltage and simply diffusion, the residence time 
would be τdiff= 6πηrpL
2
kBT
 = 22 μs.  Given the fact that we observe residence times much 
greater than these values even when assuming no driving force, there are likely transient 
interactions between the pore and the protein occurring throughout the translocation 
process that slows down the protein.  A second hypothesis that has been previously 
proposed includes taking into account electroosmotic flow which can potentially slow the 
protein’s migration through the pore [88].  However in the experiments presented here, 
the electroosmotic flow is in the same direction as the applied voltage force leaving either 
interactions or an entropic exit barrier being possible causes for the long events [67, 87].   
Interactions were ruled out as causing adsorption-induced unfolding for several 
reasons.  First, previous studies with folded proteins observed even larger residence times 
and yet no evidence of unfolding as observed here [101].  Secondly, the changes in 
residence times were minor across voltages compared to the large changes in excluded 
volume.  Finally, longer residence times were not consistent with a small excluded 
volume as might be expected (e.g., the largest residence time was obtained for the 8 M 
urea condition at 200 mV which, if unfolded and adsorbed to the pore, should block the 
least amount of ion flow however this condition yielded the highest excluded volume).   
3.3.4 Protein Stability Effects on Residence Time and Excluded Volume 
Residence time kinetics were obtained over the same range of voltages (200-800 
mV) for the wild type SAP97 PDZ2, a mildly destabilized (V388A), and a highly 
destabilized variant (L322A).  Interestingly, increases in residence time despite larger 
voltages being applied to the nanopore are observed for each of the three PDZ2 domains 
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(Figure 3.7a).  Such increases in residence time can only be explained by unfolding since 
translocation theory and previous work with DNA and proteins show a decrease in 
residence time with increasing voltage [101, 124, 142].  Although a gradual change in 
structure has been outlined, there seems to be a characteristic voltage where unfolding 
causes an anomalous increase in residence time.  This is observed in each SAP97 PDZ2 
variant at a different voltage.  For wild type SAP97 PDZ2 (i.e. the most stable domain), 
the voltage in which the protein begins to decrease its residence time in comparison to 
lower voltages occurs at 800 mV.  For the two destabilized mutants, this occurs at 600 
mV suggesting that there is a voltage–dependent transformation that affects residence 
time. 
As discussed earlier, the anomalously long residence times observed in these 
experiments suggests interactions between the pore and the protein [85, 87].  It should be 
noted once again that this holds true for all three domains under the driving voltages 
tested here.  Therefore, the residence time is not simply a measure of the electrophoretic 
mobility.  However, both the electrophoretic mobility and the number of interactions with 
the pore are expected to change due to the unfolding of the domains; particularly given 
that unfolding can expose new residues that were hidden in the original folded molecule.  
Given the near identical size and sequence of the domains, the observed changes in 
residence time can be interpreted as being solely dictated by whether or not unfolding 
occurs.  If we take this approach and look only at the data at 200 mV, the data most 
strongly correlates with the degree of unfolding based on the known stabilities of each 
domain (i.e. the most stable has the shortest residence time and the most unstable has the 
slowest residence time). Increasing residence time with decreasing stability can be 
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explained by the unfolding of the domains by a corresponding reduction in 
electrophoretic mobility (caused by an increase in hydrodynamic diameter).  The second 
trend observed in Figure 3.7a is that above 300 mV only the destabilized mutants seem to 
have a decreased residence time with increased driving force while the most stable 
domain, we believe, continues unfolding as voltage is increased.  .  All three domains at 
some point within the voltage range of 200-800 mV increase in residence time despite 
increasing electrophoretic force which is not consistent with previous data assuming 
static protein conformations [101]. It should also be kept in mind that potentially 
opposing forces such as electroosmotic flow are in the same direction as the 
electrophoretic force.    
The evidence for stability-dependent translocation kinetics between the mutants is 
further supported in light of calculating excluded volumes.  When comparing the wild 
type SAP97 PDZ2 and the V388A mutant, we observe a very similar trend in which the 
excluded volume measure progressively decreases between 200 and 600 mV 
(Figure 3.7b).   It is most noteworthy that the V388A mutant shows a more prominent 
decrease at lower voltages.  At the highest voltage, nevertheless, both protein domains 
obtain a common unfolded state.  The V388A domain starts out at a lower excluded 
volume (at 200 mV) and decreases more readily than wild type SAP97 PDZ2 suggesting 
a greater propensity to electric field-induced unfolding.  The most destabilized domain 
has the smallest excluded volume at 200 mV indicating it is most affected by the electric 
field.  As the voltage is increased further, this domain does not make any significant 
changes in excluded volume suggesting it is fully unfolded at low voltage while the more 
stable domains are still undergoing voltage-mediated unfolding.   
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Figure 3.7. (a) Residence time as a function of applied voltage for three SAP97 PDZ2 
domains with varying stabilities (wild type (WT) SAP97 PDZ2>V388A>L322A).  (b) 
Excluded volumes as a function of voltage for the same three SAP97 PDZ2 domain 
variants.  The domains were diluted in 2 M KCl and 10 mM potassium phosphate buffer 
(pH 7).  Data was collected with pores 15 ±2 nm in diameter for the I342W domain 
(n200mV=202, n400mV=1005, n600mV=1474, n800mV=1006), the V388A domain (n200mV=1719, 
n300mV=703, n600mV=768, n800mV=1493), and the L322A domain (n200mV=233, n400mV=674, 
n600mV=607, n800mV=550).  
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3.3.5 Excluded Volumes and Stability Measurement 
Since information was collected on each individual molecule, it is possible to 
calculate the number of proteins that populate the native state and compare this to the 
total number of proteins.  Here we defined the natively folded state using a set of 
boundaries along the excluded volume axis.  Due to the high sensitivity of current drop 
and excluded volume on the width parameter of the molecule, the initial deviation from 
the actual folded state is expected to be well discriminated from all the possible non-
native states.  To define the boundaries, a Gaussian distribution was fitted to the wild 
type SAP97 PDZ2 data at 200 mV where the highest population of the folded state is 
expected.  Using the full width half max of the distribution we defined the folded state as 
having an excluded volume between the values of 14 nm3 and 21 nm3 (Figure 3.8).  
Subsequent classification of each translocation event could then be performed as being 
folded or unfolded.  The free energy change accompanying the conformational unfolding 
induced by the electric field was calculated using:   ΔGୈ‐୒ ൌ ‐RTlnሺKୣ୯ሻ where Keq is the 
fraction of folded molecules.   
Shifts from this defined natively folded state led to a decreased fraction of folded 
versus unfolded molecules and therefore to a lower free energy (Figure 3.9).  When 
comparing the PDZ variants, we see a qualitative agreement with the known stabilities 
for each domain.  The V388A mutant shows a drastic shift to lower excluded volumes 
and at a lower voltage (Figure 3.8) compared to the wild type SAP97 PDZ2 domain 
leading to a drop in stability (Figure 3.9).  As voltage is increased further the native state 
of SAP97 PDZ2 continues losing stability until it finally reaches a point in which neither 
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the wild type nor the V388A mutant can be unfolded any further.  The L322A mutant 
even at the low voltages is out of range for being classified as folded and this leads to a 
lower free energy.  Interestingly, the nanopore method of quantifying the fraction of 
unfolded proteins matched extremely well with bulk stability measurements when 
comparing relative stabilities calculated from urea-induced denaturation experiments 
(performed using fluorimetry) and 400 mV (nanopore method) for the three domains 
(Figure 3.10). The slope of the line when comparing the two methods was 1.08 which 
indicates a strong agreement between the two methods.  The concentration which yielded 
the strongest correlation was 3.1 M urea which suggests that 400 mV has a denaturing 
effect that is comparative to that of urea at this concentration. 
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Figure 3.8.  Excluded volume histograms for all three SAP97 PDZ2 domains (wild type 
(WT), V388A, and L322A) each at four different applied voltages.  The natively folded 
state was defined as the full width half max of the most stable protein at the lowest 
applied voltage (200 mV).  This criterion was then applied to all other domains at all 
voltages in order to classify proteins as folded or unfolded.  Data was collected with 
pores 15 ±2 nm in diameter for each domain: wild type SAP97 PDZ2 (n200mV=202, 
n400mV=1005, n600mV=1474, n800mV=1006), V388A (n200mV=1719, n300mV=703, n600mV=768, 
n800mV=1493), L322A (n200mV=233, n400mV=674, n600mV=607, n800mV=550). 
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Figure 3.9.  (a) Relative free energy changes for each protein domain as a function of 
applied voltage.  The free energy change accompanying the conformational unfolding 
induced by the electric field was calculated using:  ΔG=-RTln(Keq) where Keq is the 
fraction of folded molecules.  (b) Fraction of unfolded proteins as a function of applied 
voltage.   
78 
 
 
Figure 3.10.  Fraction unfolded at 3.1 M urea (the concentration where half the WT 
proteins are unfolded) obtained using fluorimetry versus the fraction unfolded at 400 mV 
for each domain obtained using nanopores.  A slope of 1.08 implies an excellent 
correlation between the two techniques. 
 
3.3.6 Finite Element Analysis 
One motivation for this work has been to develop methods to quantify stability; in 
particular using the electric field as a controllable way to denature proteins.  In order to 
characterize the denatured states and understand the observed trends in excluded volume 
as a function of voltage, we considered an axial symmetric particle of radius rp and length 
lp submerged in an electrolyte solution fixed within the confines of a nanopore.  The 
electrolyte is confined in a spherical vessel that is partitioned into two chambers by an 
insulating membrane of uniform surface charge (-0.02 Cm-2) [143].  The system was 
solved using coupled Nernst-Planck equations for the ion concentration fields (potassium 
and chloride) along with Stokes equations for the flow field [144].  In order to understand 
shape changes within a nanopore, simulations were run using several model shapes which 
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evolved over the course of several simulations depending on the applied voltage.  The 
types of shape transformations that were tested included both two-state protein folding 
models as well as gradual elongation models; each shape having a constant area inside 
the pore which blocked the flow of ions.  We also investigated static particles over the 
same range of voltages; specifically for a fixed shape circular occluding particle and a 
fixed shape rod-shaped particle (Figure 3.11).   
A fixed shape particle (both circular and rod-shaped) produced a linear increase 
current with increasing voltage (Figure 3.12a).  This is in contrast to what we observed 
experimental in which the current drop was best fit using a polynomial function.  The 
linearity of both the current drop parameter and the baseline current as a function of 
voltage led to a constant value for the percentage of blocked current (Figure 3.12b).  If 
we then allow the particle to change shape at some defined voltage (in this case between 
the voltage 400 and 600 mV), we observe a decrease in percent blockage as the particle 
deforms from a circular particle to a rod-shaped particle with constant occluding area 
within the pore (Figure 3.12b).  This two state model did not explain the observed trends 
we saw experimentally and inevitably led to a two state excluded volume curve.  
However, using a particle with an occluding area of 36 nm2 that grew in length from 6 
nm (roughly the long axis of a fully folded SAP97 PDZ2 molecule) to 36 nm (roughly the 
length of the fully linear SAP97 PDZ2 molecule), the observed trend agrees with the 
experimentally observed changes in excluded volume (Figure 3.12c).  Given the two 
dimensional nature of the simulation, we used the current blockade divided by the 
baseline current to obtain a measure directly relatable to the excluded volume.  Both 
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measures take into account the electrolyte conductivity and the increasing baseline 
current due to voltage increases.   
Using a constant applied voltage (400 mV), changes in the current drop parameter 
were explicitly quantified and correlated to the shape of the translocating particle 
(Figure 3.12d).  The results show a drastic initial decrease in the current drop parameter 
followed by a comparatively minor increase followed by a leveling off.  The region of the 
plot where current drop falls most dramatically (i.e. left of the dotted line in Figure 3.11) 
the width of the particle undergoes the greatest change (marked by the large slope of the 
solid red line).  After a length of 12.5 nm, the current becomes increasingly blocked as 
the length continues to grow and enters into a new regime of the plot where the length is 
changing the most dramatically.  The increase in current at 12.5 nm is expected to be 
caused by interplay of the increasing length of the molecule and greater surface area to 
volume ratio.  However due to the finite thickness of the membrane, the length of the 
molecule can only increase so much before it begins to reach the entrance and exit of the 
pore where it has less influence on the current [68].  This effect was not observed 
experimentally since PDZ2 has a contour length smaller than the membrane thickness.  
From this work, we correlated the changes in excluded volume with the shape of the 
molecule and provided evidence for the possible occurrence of increasing excluded 
volume as a folded protein becomes progressively unfolded by a one dimensional 
stretching force.  Therefore at a given voltage, we would expect to be sampling from 
populations of protein conformations that exist somewhere along this curve representing 
the gradual unfolding of a protein.    
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Figure 3.11.  Simulation geometries for circular and rod-shaped (length=10 nm) particles 
within a 15 nm pore (50 nm thick membrane) with an equal occluding area of 36 nm2.  
(a-b) Ion distributions for the K+ ion which shows an increased concentration at the 
nanopore wall due to the negative surface charge (-0.02 C m-2) when compared to the 
bulk concentration (2 M KCl=2000 mol/m3).  The particle was assumed to have a surface 
charge of +0.016 C m-2 which results in a lower K+ concentration around the particle.  
Insets: Electric potential distributions for each geometry (in Volts).  (c-d) Ion 
distributions for the Cl- ion for the circular and rod-shaped geometries where the 
concentration around the particles is higher and the concentration at the pore is reduced 
compared to bulk.   
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Figure 3.12. Simulation results for a constant occluding area particle within a nanopore.  
(a) Current drop values for two equal area shapes across four different applied voltages.  
(b) Percent block (%) for a circular and rod-shaped occluding particle.  (c) Percent block 
(%) dynamics for a particle undergoing a gradual elongation with a constant occluding 
area within the pore.  Percent current block was calculated as the mean current reduction 
with the particle inside the pore divided by the open pore current.  Inset: spherical 
electrolyte conduit separated by an insulating membrane.  (d) Constant voltage (400 mV) 
simulations showing effect of a rod-shaped particle changing its aspect ratio while 
keeping a constant occluding area within the pore.   
 
 
3.3.7 Excluded Volume Calculations 
 Despite our initial speculation that the Heff parameter in the excluded volume 
equation should be kept constant across voltages, several analyses were done to confirm 
this fact.   As a first approximation, we calculated the half max full width of the electric 
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field distribution obtained through numerical simulations (described above).  The electric 
field distributions are shown in Figure 3.13.  We observed that although the electric field 
is naturally higher at the pore edges, the full width half max remains constant across 
voltages (approximately 65 nm as the theoretical length of the pore).  This however 
should not be used as the Heff parameter in the excluded volume equation due to the 
inaccuracy of assuming the electric field is given by the applied voltage divided by the 
pore length.  Using Heff as a fitting parameter gets rid of this inaccuracy.  Once Heff is 
found using this method we believe the electric field contribution to the excluded volume 
equation is accounted for and given the electric field scales linearly with applied voltage, 
all other voltages would be accurately represented as well. This implies that the relative 
contributions of pore resistance (voltage drop within the pore) and access resistance 
(voltage drop just outside the pore) is not voltage dependent, as described 
previously [145]. 
 The fact that Heff stays constant can also be indirectly confirmed by testing 
whether the current drop parameter is linear across a wide range of voltages for particles 
with fixes volumes.  Since the linearity of the current drop parameter inevitably leads to a 
constant excluded volume across voltages (as it should), the way in which we calculate 
excluded volume can be confirmed to be accurate.  Since most nanoparticles rapidly 
aggregate at the high salt conditions used here (2 M KCl), we could not experimentally 
confirm the linearity of the current drop parameter at our specific conditions.  Instead we 
used numerical simulations of a spherical particle 5 nm in diameter (2 M KCl, +0.016 C 
m-2).  Since these simulations take into account access resistance (the voltage drop that 
occurs outside the pore), we can use these simulations to test whether the excluded 
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volume equation is (1) accurate at a constant voltage and (2) accurate over a range of 
voltages using a constant Heff value.  The results (Figure 3.14) indicated that the current 
drop is linear with applied voltage and, using a constant Heff value, the excluded volume 
stays constant.  These results were also confirmed experimentally using 5 nm gold 
nanoparticles.   
 
Figure 3.13. Numerical simulations of the electric field inside and around the nanopore 
performed over a range of voltage (200-800 mV).  (a) Electric field distribution along the 
axial direction of the nanopore plotted as the distance from the pore center (in nm).  The 
colored arrows are all the same length and represent the full width half max of the 
distribution.  (b) The linear increase in the strength of the electric field with applied 
voltage (in mV).   
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Figure 3.14. Numerical simulations for the blocked flow of ions due to a 4 nm circular 
particle with a surface charge of +0.016 C m-2 over the range of 200-800 mV.  (a) The 
current drop parameter plotted as a function of applied voltage showing a linear 
dependence.  (b) The excluded volume parameter for a fixed volume particle over the 
range of 200-800 mV.  The Heff value was used as a fitting parameter to the known 
volume (33.5 nm3) and then kept constant across all voltages.   
 
3.4 Discussion 
In this work we have demonstrated a new method of single molecule protein 
unfolding in which one can both denature and measure properties of the resulting protein 
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state (i.e. overall shape and migration speed through a nanopore).  This method requires 
no special protein preparation other than having a purified sample and can be conducted 
in a high throughput manner.  Of particular interest, this method of protein analysis was 
performed using a single solution (per analyte) and by applying various electric 
potentials.  The information obtained from these methods represent a unique look into the 
behavior of proteins within a pore biased with a voltage.  We investigated various 
parameters such as the current drop, residence time, and calculated excluded volumes and 
interpreted these changes in terms of structural changes within the nanopore.  In doing 
this, we discovered that the unfolding pathway is not a two-state, cooperative system but 
rather a gradual deformation or stretching of the protein along the axis of the electric 
field.  Finally, we calculated the changes in free energy associated with these 
conformational changes.    These techniques represent a novel paradigm to study protein 
folding as well as a method to obtain important biophysical information such as relative 
stability within a nanopore, which correlates with overall thermodynamic stability.  
Based on the hypothesis that the heterogeneously charged residues within the 
protein are the cause of protein chain displacement from their native positions, it would 
be expected that the charges would be separated according to their polarity.  It could then 
be envisioned that regions of the protein that have excess positive charges would be 
pulled away from those regions with excess negative charge leading to an increase in the 
effective dipole moment of the protein; therefore further leading to a greater net 
unfolding force on the molecule.  This may play a role in the seemingly strong denaturing 
force of the electric field that we observe in this study as well as the voltage-dependent 
nature of antigen-antibody unbinding observed in other studies [146].  If the unfolding 
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forces on the molecule are changing over time spent inside the pore, our current method 
of analysis is only taking a snapshot of the many states that the protein acquires within 
the pore.   It is also possible that the unfolding fails to produce a fully unfolded molecule 
due to the transient nature of the proteins residence time within the pore.  Future work, 
particularly with higher bandwidth recordings [147], may be able to record intra-event 
properties that show the unfolding process.  Alternatively nanopores can be combined 
with other single molecule techniques to resolve and study protein folding kinetics using 
the nanopore structure to create local regions of high electric field strengths.  Ultimately, 
methods will need to be developed to understand the unfolding in more detail and where 
within the pore the unfolding occurs as currently this is unknown.   
The question of whether a protein can be unfolded inside a nanopore by the electric field 
has been addressed.  The relevant parameters that we believe to be strong predictors of 
whether a protein will be unfolded include the physico-chemical properties of the protein 
itself as well as the pore length and geometry (which determines the electric field 
distribution).  Keeping the pore length and geometry the same, we would expect proteins 
to unfold based on their stability as well as their charge distribution or dipole moment.  
Protein size will also influence the types of signals that are recorded and the type of 
unfolding that is produced.  For small proteins, in which the contour length is on the same 
order as the pore length, we would expect to see similar results as those obtained here.  
However with larger proteins or, alternatively, a thinner membrane, we would expect to 
see the excluded volume become drastically reduced at higher voltages (greater than that 
shown here) due to the terminal ends being outside the pore and therefore not 
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contributing to the blockage of ion flow.  The pore length, therefore, is a critical 
parameter and should be tailored to the protein that is being unfolded. 
The reproducibility of electric field-induced unfolding is largely dependent on the 
manufacturing of the nanopore devices such that it has minimal dimensional variation 
and fixed electrode locations to keep the electric field drop within the fluid (however 
minimal it may be) constant.  The wafer-scale production of nanopore chips yields very 
reproducible membrane thicknesses and electron beam sculpting produces pores with ±1 
nm resolution [148].  Using numerical simulations of the nanopore environment, we 
found that a deviation of 1 nm in pore diameter led to a rather substantial change in the 
magnitude of the electric field (13.8% error) while a 5 nm change in pore length led to a 
7.5% error.  These issues however can easily be circumvented by estimating the pore 
diameter using the open pore conductance and adjusting the applied voltage prior to 
adding protein to the nanopore flow cell.  Further work on developing nanofluidic 
environments that make the unfolding more robust will be greatly advantageous for both 
preventing unwanted changes in protein state or studying the unfolding process of 
different size proteins. 
3.4.1 Alternative Explanations for Observed Events 
 The first observation of protein unfolding was seen in the current drop parameter 
when it was plotted as a function of voltage.  The protein samples, and not the gold 
nanoparticles, deviated from the linearity.  There are two main alternative hypotheses 
concerning the current drop values reported here.  The first is that the current drop is 
actually being distorted by the lowpass filter applied to the signal.  This specifically 
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happens when the events are too short (<50 µs) yet out of all the events we recorded the 
average current drop was 79 µs.  To be sure that the current drop is being represented 
accurately, we collected data are multiple filter settings and compared the current drop.  
The current drop reported here was the same for all the filter settings we applied.  
Secondly, the same type of analysis was done with DNA (which can create much shorter 
events) and it was discovered that events as short as 65-70 µs were not being distorted.  
Finally, several groups have reported when the filter detrimentally affects the signal and 
these reports also suggest no attenuation occurs at 70 µs and above [68, 149].   
The second possible explanation for the nonlinear current drop is that the proteins 
are adsorbing onto the nanopore surface and that is causing a reduced hydration shell 
around the folded protein, or the protein is being directly unfolded by the adsorption 
process itself.  Interactions with the pore wall however did not yield consistent results 
that would support this theory.  For example event duration (which is directly related to 
the number and strength of interactions between the pore and protein) had no correlation 
with the size of the current drop or the excluded volume parameter.  In fact adsorption 
should minimize the cross sectional width of the molecule but the sample with the largest 
event duration has one of the highest excluded volumes.   
The explanation for the trends observed in the excluded volume parameter with 
voltage can also be changed based on what value is plugged in for the effective length of 
the pore.  If the effective length of the nanopore is not constant as the voltage is increased 
(which was assumed to be true in this study), then the excluded volume values would be 
altered significantly.  Section 3.3.7 discusses why the effective length of the nanopore 
should be kept constant even at varying applied voltages.  In short, the effective length of 
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the pore should be based on the relative contributions of pore resistance and access 
resistance.  The argument being that the access resistance adds to the length of the pore is 
incorrect since the relative contribution of access resistance stays the same.  This was 
shown experimentally and through simulations by using a fixed shaped particle.  The 
only way to analytically calculate the same fixed volume for the non-deformable particle 
is to plug in the same effective length of the pore.   
 The last observation of unfolding was described using the translocation/residence 
time.  The increase in residence time observed for the “native” PDZ2 when going from 
200 mV to 300 mV was explained in terms of unfolding leading to a reduced 
electrophoretic mobility.  An alternative hypothesis, which also points to unfolding, is 
that the protein becomes unfolded and the increased surface area and length of the protein 
interacts with the pore wall.  This was rejected since it would be expected that the most 
unfolded protein would have the highest residence time and this was not the case.  
Interaction with the pore are expected to be occurring in these experiments however the 
effects of the interactions and how they change with voltage have yet to be studied.  
Future work involving pores with differing membrane thicknesses may be the best way to 
probe the interactions between the pore and protein.  More complex methods such as 
using Förster resonance energy transfer (FRET) on the protein and pore surface to 
measure close proximity interactions would also be a way to measure the degree of 
interaction.   
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3.5 Conclusion 
Single molecule methods have provided a significantly new look at the behavior 
of biomolecules in both equilibrium and non-equilibrium conditions.  Most notable are 
the stretching experiments performed by atomic force microscopes and laser tweezers.  
Here we present an alternative single molecule method that can unfold a protein domain, 
observed at electric fields greater than 106 V/m, and is fully controllable by the 
application of increasing voltages across the membrane of the pore.  Furthermore this 
unfolding mechanism is characterized by measuring both the residence time of the 
protein within the nanopore and the current blockade. The unfolding data supports a 
gradual unfolding mechanism rather than the cooperative transition observed by classical 
urea denaturation experiments.  Lastly it is shown that the voltage-mediated unfolding is 
a function of the stability of the protein by comparing two mutationally destabilized 
variants of the protein.   
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Chapter 4: Protein Complex Analysis Using a Nanopore 
 
4.1 Introduction 
4.1.1 Diagnostic Protein Binding 
Protein conjugation provides a unique look into various biological phenomena 
including affinity and binding kinetics [150], binding-induced folding kinetics [151], and 
linked functionality [152, 153].  In addition to these fundamental areas of biological 
science, the use of conjugation for molecular recognition has been of incredible 
importance to bio-analytical testing and quantification of various biological species as 
well as for various healthcare applications (i.e. diagnostics).  In this paper we will discuss 
various ways in which nanopores can address these applications.  One of the major 
advantages of nanopores which make them amenable to widespread clinical and 
laboratory use is that the sensor is spatially fixed and individual molecules are driven 
through the sensor allowing for high-throughput single molecule detection.  Nanopores 
therefore provide data that is not confounded by ensemble averaging, can accurately 
describe single molecule events, and describe sub-populations that may be hidden by 
other techniques.  Furthermore, solid-state nanopores can be easily integrated into lab-on-
a-chip platforms for future applications.   
 In terms of diagnostic capability, few experiments have been done to determine 
the feasibility of such a nanopore-based protein complex sensor.  Topics such as voltage-
induced unbinding of freely translocating proteins,  detecting sub-populations in a 
heterogeneous sample, and changes in excluded volume upon monovalent and 
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multivalent binding are currently lacking in the literature yet are pivotal to the 
aforementioned applications.  Using bivalent-binding antibodies we investigate and 
classify the combination species that exist in an antibody-antigen solution in terms of 
their excluded volume.  The excluded volume measure is most useful for comparing 
results between experiments since the measure is independent of experimental conditions 
such as applied voltage and electrolyte concentration.   
 If excluded volume measures are found for the various molecular species 
pertaining to single and multivalent binding of antigens, single molecule quantification of 
antigens can be performed while maintaining specificity imparted on by the molecular 
recognition capability of a particular antibody.  Also intrinsic to single molecule 
techniques is the low limit of detection making them ideal for the early diagnosis of 
biomarkers that exist in ultra-low concentration; possibly even before some diseases 
become symptomatic [154-156].  Reviews of next-generation point-of-care devices as 
well as single molecule techniques have been well discussed in the literature [157-161].  
However, existing experimental methods, including those considered single molecule 
techniques, largely rely on the optical detection of molecules which necessitates 
fluorescent labels and sensors to measure the resulting light. 
4.1.2 Competing Techniques 
 The earliest work with proteins and nanopores was performed using conical gold 
pores within a polymer membrane in which three different molecular recognition agents 
(MRA) were fixed to the pore wall [162].  Upon adding the anti-MRA binding partner to 
the fluidic chamber, the ionic current became blocked and remained blocked for the rest 
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of the experiment.  The authors recognized that their device, in the current form, was a 
“one-use“ device that needed further development.  An alternative method to having 
binding sites within the pore and recognizing the analyte by a characteristic binding time 
involves sensing a change in other event properties such as current drop or event 
frequency.  Using a 20 nm thick silicon nitride pore, it was found that upon adding 
antigen to the chamber containing antibody, the frequency of large current drop events 
(corresponding to antibody) decreased [163].   This meant that the antigen was binding to 
the antibody causing fewer antibody translocation events but interestingly no antigen-
antibody complexes were able to be detected.  In this study, using a membrane over twice 
as thick as the previous experiment, we detect and analyze various complexed protein 
species, calculate their excluded volumes and measure how these species may be affected 
by the electric field within the pore.   
 The most recent work with nanopores have shown the ability to detect antigens 
using functionalized pores wherein only one binding element is fixed to the pore 
surface [136, 150].  This was accomplished by Wei et al. by fine-tuning the concentration 
of the functionalizing agent so that it was statistically most probable that only one active 
binding site was within the pore.  Alternatively, Yusko et al. used a bio-inspired lipid 
coated pore wall which allows 2-dimensional movement over the pore surface and thus 
the translocation of lipid-associated proteins.  Of these two studies, Yusko et al. 
calculated excluded volumes for streptavidin, antibody fragments, and whole antibody 
and used the bimodal nature of the antibody distribution to support an orientation specific 
excluded volume for antibody monomer.  We test this classification by investigating 
whether antibodies displaying a bimodal event distribution can bind only two antigens 
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indicating only antibody monomers exist in solution or, alternatively, more than two 
antigens bind suggesting antibody dimers exist in solution.  Furthermore, we calculate 
excluded volumes for individual proteins (as performed by Yusko et al.) as well as 
complexed proteins to determine if volume is lost upon binding as we would expect due 
to less exposed surface area.  Finally, we conduct experiments at two applied voltages 
and show how the population of bound-species changes with voltage.  The change in 
population statistics cannot be performed in those experiments with fix binding sites to 
the pore since binding only occurs at the pore and not in bulk solution.  The current study 
builds off the voltage-dependent nature of binding demonstrated by Wei et al. as well as 
the use of the excluded volume measure to classify monovalent and multivalent protein 
species which is ideal for bio-sensing applications.    
4.1.3 Significance 
The HIV antigen, gp120, conjugated to its corresponding antibody is an ideal 
system to study using nanopores.  First, the size of gp120 (120 kDa) relative to antibody 
(150 kDa) is not so small that it goes undetected when bound to the antibody and not so 
large that the pore size will limit the passage of multivalent complexes yet still detect 
monomers.  Most interestingly for diagnostic purposes is the fact that gp120 increases in 
size over time when exposed to the body‘s immune system through the addition of 
surface glycans which hide immunogenic regions [164, 165].  By calculating the 
excluded volume of the gp120-positive complex using nanopores it would be possible to 
not only detect gp120 but also the level of glycosylation which has been shown to 
correlate with AIDS progression.  Such a single molecule detection scheme would 
therefore provide a patient a diagnosis as well as the timeline of infection which can be 
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useful for personalized treatment [166].  HIV is one of the hallmark motivations towards 
developing point-of-care (POC) diagnostics [167, 168]. 
4.2 Methods 
4.2.1 Fabrication 
Nanopores were drilled in a 50 nm thick free-standing silicon nitride membrane 
which was supported on all sides by a silicon chip (5.5×5.5 mm2).  Fabrication of this 
membrane consisted of first depositing a layer of low-stress silicon nitride on a silicon 
wafer using low pressure chemical vapor deposition (LPCVD) followed by 
photolithography, deep reactive ion etching (DRIE) and KOH etching to form a 50×50 
μm2 square membrane. Pores were then drilled using a focused ion beam (FIB, FEI Strata 
DB235) forming pores with diameters of 35 nm.   
4.2.2 Single Channel Recordings 
Pore characterization and event recording were accomplished by placing the 
nanopore between two electrolytic half cells filled with buffered potassium chloride (1M, 
10 mM potassium phosphate buffer).  The nanopore chip was held in place using a 
custom built polycarbonate flow cell with PDMS gaskets to assure that the only path of 
ionic current is through the nanopore.  Electrodes (Ag/AgCl) were placed in both 
chambers and connected to the headstage of a patch clamp amplifier (Axopatch 200B, 
Molecular Devices Inc.) which allowed the ionic current to be measured at various 
applied voltages. Signals were recorded at 250 kHz with a lowpass Bessel filter of 10 
kHz.  Conductance measurements were performed prior to each experiment and were 
found to be within 5% of each other.   A graphical representation of our custom-built 
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flow cell used for all experiments, a TEM image of a 35 nm pore and IV-curve graphs for 
several pores are shown in Figure 4.1. 
4.2.3 Data Acquisition and Analysis 
The specific antibody used is known as D7324 which is a linear antibody capable 
of bivalent binding of gp120.  gp120 was expressed in Escherichia coli and purified 
using fast protein liquid chromatography (FPLC).  Prior to each experiment, protein 
solutions were made fresh by diluting the desired protein into buffered 1M KCl for a final 
protein concentration of 10nM.  For all mixtures of proteins requiring incubation time, 
proteins were mixed in equal concentrations of 1 μM and incubated for 1 hour.  After 
incubation, 10 μL of protein was diluted into 990 μL of buffered electrolyte (10 mM 
potassium phosphate, pH 7).  After characterization of the pore, protein was injected into 
one chamber of the flow cell while a constant voltage is applied across the pore.  Protein 
translocation events, defined as transient decreases in current, were detected using a 
threshold and characterizing features were extracted including event duration, event 
amplitude, and event area (integrated area of the entire event).  Based on the work of 
Pedone et al.[149], all excluded volume calculations took into account the corrected 
current drop value since events had durations smaller than 70 μs.   Event detection was 
performed using custom Matlab scripts.   
4.2.4 Numerical Simulations 
COMSOL Multiphysics was used to model the flow cell and nanopore 
environment using the Conductive Media module.  The geometry was built using the 
actual dimensions of the flow cell to take into account the voltage reduction outside the 
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pore.  Each chamber therefore was 2×3 mm separated by a membrane 50 nm in thickness.  
Boundary conditions were insulating and conductivity of media was given as the 
experimentally measured conductivity of the 1 M KCl solution (100 mS/cm) however 
results are independent of this value.   
4.3 Results 
4.3.1 Nanopore Experimental Methods and Characterization 
Nanopores were drilled in a 50 nm thick free-standing silicon nitride membrane 
which was supported on all sides by a silicon chip (5.5×5.5 mm2).  Fabrication of this 
membrane consisted of first depositing a layer of low-stress silicon nitride on a silicon 
wafer using low pressure chemical vapor deposition (LPCVD) followed by 
photolithography, deep reactive ion etching (DRIE) and KOH etching to form a 50×50 
μm2 square membrane. Pores were then drilled using a focused ion beam (FIB, FEI Strata 
DB235).  Pore characterization and event recording was accomplished by placing the 
nanopore between two electrolytic half cells filled with buffered potassium chloride (1 
M, 10 mM potassium phosphate buffer pH 7).  The nanopore chip was held in place using 
a custom built polycarbonate flow cell with PDMS gaskets to assure that the only path of 
ionic current is through the nanopore.  Electrodes (Ag/AgCl) were placed in both 
chambers and connected to the headstage of a patch clamp amplifier (Axopatch 200B, 
Molecular Devices Inc.) which allowed the ionic current to be measured at various 
applied voltages. Conductance measurements were conducted prior to each experiment 
and were found to be within 2% of each other.  A graphical representation of our custom-
built flow cell used for all experiments, a TEM image of a 35 nm pore and IV-curve 
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graphs for several pores are shown in Figure 4.1.  Based on the IV curves, pore sizes had 
a deviation of no more than ±1 nm.   
 
Figure 4.1. Nanopore setup and electrical characterization of pores.  (a) Graphical 
representation of electrolytic flow cell with nanopore in the center.  (b) TEM image of a 
35 nm FIB-drilled pore.  (c) Current-voltage response for a 35 nm pore with 1 M KCl.  
(d) Electrical measurement of nanopore conductance (average conductance of 90 nS).   
 
4.3.2 Protein Preparations and Analysis 
Prior to each experiment, protein solutions were made fresh by diluting the 
desired protein into buffered 1M KCl for a final protein concentration of 10nM.  For all 
mixtures of proteins, proteins were mixed in equal concentrations of 1 μM and incubated 
for 1 hour.  After incubation, 10 μL of protein was diluted into 990 μL of buffered 
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electrolyte (10 mM potassium phosphate, pH 7).  After characterization of the pore, 
protein was injected into one chamber of the flow cell while a constant voltage is applied 
across the pore.  Protein translocation events, defined as transient decreases in current, 
were detected using a threshold and characterizing features were extracted including 
event duration, event amplitude, and event area (integrated area of the entire event).  
Example ionic current recordings for each protein sample are shown in Figure 4.2.  Event 
detection was performed using custom Matlab scripts.  Several representative event types 
observed during data acquisition are shown in Figure 4.3. 
 
Figure 4.2. Characteristic ionic current recordings for gp120 (a), antibody (b), 
antibody+gp120 (c), antibody+BSA (d), antibody+gp120+BSA (e), and 
antibody+gp120+FBS (f).  All recordings were performed with a 35 nm pore, 1 M KCl, 
10 mM potassium phosphate buffer (pH 7), and 400 mV applied voltage.   
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Figure 4.3. Characteristic event types for gp120, antibody, antibody with monovalent and 
bivalent binding, and monovalent and bivalent unbinding.   
 
4.3.3 Antibody and gp120 Characterization 
The principal sensing element utilized throughout this study is a thin film 
membrane composed of silicon nitride (50 nm thick) in which a single nanopore has been 
drilled using an focused ion beam (FIB) and well established techniques [44, 50, 148].  
All experiments were performed using nanopores 35 nm in diameter.  Conductance 
measurements prior to adding proteins confirmed the pore was unblocked and maximally 
conducting (~90 nS with 1 M KCl).  The antigen we chose to validate our system is a 
HIV envelope glycoprotein conventionally known as gp120.   gp120 is 120 kDa, 498 
amino acids long, and has a charge of +7.6e at pH 7.  The monomeric gp120 has 
dimensions of 8×6×6 nm and a theoretical volume (considering only the protein 
component) of 68 nm3.  The monomeric antibody is larger and slightly less charged with 
a molecular weight of approximately 150 kDa (volume≈170 nm3) and a charge of +5.8e 
at pH 7.  Given the sizes of both gp120 and antibody with respect to the pore size, 
multiple proteins can be bound to each other and still pass through the pore allowing us to 
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achieve detection of not only antibody-gp120 complexes but dimers and bivalent binding 
of gp120.  A 35 nm pore is also not so large that monomeric and unbound gp120 and 
antibody would go undetected, allowing even these species to be detected. 
Once a constant current baseline was achieved, protein (either gp120 or antibody) 
was added to one chamber of the flow cell at a final concentration of 10 nM.  In order to 
accurately identify all forms of each protein (i.e. monomers, dimers and trimers) which 
may exist, no other chemical agents were added other than potassium phosphate buffer 
(10mM, pH 7).  This scenario represents the most challenging detection scheme however 
it served the important purpose of identifying which molecular species can potentially 
cause false positives.  Upon adding each protein, transient reductions in current were 
recorded corresponding to a single protein translocating the pore and blocking ionic 
current.  The event statistics for gp120 yielded very reproducible event properties (i.e. 
current drop and event duration) consistent with a single molecular species (Figure 4.4a).  
It would be expected that at the same voltage, the dimer form of gp120 would produce 
approximately twice the current drop value however there were no events with a current 
drop above -400 pA indicating no dimer or oligomer states of gp120.  Antibody however 
yielded a bimodal event distribution with one peak at -380 pA and a second peak 
centered at -680 pA (a factor of 1.8 larger). The classification of the larger current drop 
events as being antibody dimers will be justified throughout the text using evidence from 
multivalent binding, binding in a heterogeneous mixture, and excluded volume 
calculations. 
In order to obtain a size estimates for each molecular species, we used the 
equation for excluded volume given by: Λ=ΔIBHeff2/σV where Heff is the effective length 
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of the pore, σ is the conductivity of the electrolyte, and V is the applied voltage.  Using 
the expected excluded volume for the antibody monomer (since gp120 has an unknown 
level of glycosylation), Heff was solved for as a fitting parameter to obtain the 
approximate excluded volumes for glycosylated gp120 and the second antibody peak 
expected to represent antibody dimers.  Using an excluded volume of 170 nm3 for 
antibody monomer, the Heff parameter was found to be 43.0 nm (comparable to the actual 
value of 50 nm).  Using this value for Heff, glycosylated gp120 and antibody dimer was 
found to be 105 ± 17 nm3 and 309 ± 50 nm3, respectively.  It would be expected that the 
antibody dimer would be 340 nm3 however the calculated value is within a single 
standard deviation of the expected value and a reduction of exposed surface area could 
also explain the lower than expected value assuming that excluded volumes are roughly 
additive.  The fact that the gp120 was sized greater than the 68 nm3 volume predicted 
from the amino acids alone suggests the additional volume is from glycosylation of 
surface residues.  Since gp120 was expressed and purified in a laboratory we expected a 
relatively constant level of glycosylation.  However in a real world sample it should be 
possible to detect the single molecule variability and level of gp120’s glycosylation 
which would be of great diagnostic utility.     
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Figure 4.4. HIV antigen and antibody event properties and oligomer identification.  (a) 
Characteristic raw ionic current recordings for the translocation of gp120 monomer, 
antibody monomer, and antibody dimer.  (b)  Current drop histogram for a gp120 solution 
(10 nM) showing only a singular peak (n=1893) with no events at roughly the expected 
dimer location.  (c) Current drop histogram for antibody protein sample (10 nM solution, 
n=7381) showing a main peak located at -380 pA and a second distribution of events 
within the expected range for antibody dimers.  Experiments conducted at 400 mV and 
pH 7 (10 mM potassium phosphate buffer).   
 
4.3.4 Antibody-gp120 Complexes 
After a 1 hour incubation period at equal concentrations (1 μM during incubation 
period), protein samples were injected into one chamber of the flow cell at a 
concentration of 10 nM producing a steady stream of events.  Using a Gaussian mixture 
model to fit the current drop distributions, it is observed that upon adding gp120 to 
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antibody there is a shift in the two peaks originally observed with pure antibody samples 
(Figure 4.5b).  As expected, the main peak occurs between the antibody monomer (-381 
± 1.8 pA) and dimer (-607 ± 21 pA) peaks corresponding to the gp120-antibody complex 
(505 ± 9.5 pA).  Using the excluded volume equation and the current drop value of -505 
pA, the excluded volume of the gp120-antibody complex was calculated to be 234 nm3.  
Interestingly, this is not the mere summation of the two molecule’s excluded volumes 
(275 nm3) which similar to the calculated volume of antibody dimer could be due to a 
loss of exposed surface area and total hydration volume.  The fact that a complexed 
protein yields a smaller (85-90% smaller than expected) excluded volume than the 
summation of its individual parts seems to be a consistent finding among our data.  The 
second population, centered on -1.1 nA, has a greater magnitude than the antibody dimer 
peak and a much higher standard deviation (21 pA compared to 140 pA).  This sub-
population of events is likely attributed to antibody dimers with both monovalent and 
multivalent binding of gp120.  If only antibody monomers existed in solution, and taking 
the largest current drop as being monomer, it would be expected that no events  with a 
current drop greater than 1 nA would be recorded.   
In almost all practical applications of antigen detection systems a patient sample 
will not be highly purified and most likely, considering a blood sample, will contain other 
serum proteins.  To investigate the role of a heterogeneous protein sample on the 
detection of antigen, we performed experiments with the following protein solutions: 
antibody mixed with bovine serum albumin (BSA) (incubated at 1 μM/1 μM), antibody 
mixed with gp120 and BSA (incubated at 1 μM/1 μM/1 μM), and antibody mixed with 
gp120 and fetal bovine serum (FBS) (incubated at 1 μM/1 μM/undiluted FBS); followed 
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by dilution into salt buffer.  Interestingly even though BSA and antibody are oppositely 
charged, a third peak with a smaller current drop is observed consistent with that 
expected for BSA (Figure 4.5c).  By taking the area under curve, the probability of seeing 
a BSA event was calculated to be 32%.  This  was likely caused by diffusion and 
electroosmotic flow of BSA from the chamber containing protein to the opposite chamber 
was shown to be possible in previous experiments [88].  The most important finding 
however is that since BSA does not transiently bind to the antibody these events can be 
easily filtered out using a threshold algorithm as the current drops are sufficiently 
different.   
Since experiments with antibody and BSA showed little to no complex formation, 
experiments with gp120-positive samples were tested.  By using a threshold that is above 
that of BSA’s mean current drop value, BSA events were filtered out and yielded similar 
results as purified gp120 samples with identical peak positions (Figure 4.5d).  Using FBS, 
which has BSA as its most concentrated component and other serum antibodies as its 
largest component by size, there was also a detectable shift in event properties compared 
to antibody monomer and dimer.  Both the gp120-positive samples with BSA and FBS 
(compared to antibody and gp120 alone) seem to lack the broad range of higher current 
drop values, which may indicate a lower probability of antibody dimers forming multi-
valent bonds with gp120.  We believe this to be due to steric crowding which is a 
phenomenon by which otherwise passive secondary proteins can alter the binding 
characteristics of two binding partners [169].  The decreased probability of events greater 
than 1 nA upon adding secondary proteins gives support to the claim that these events are 
due to multivalent binding to antibody dimers and not due to orientation effects.   
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Figure 4.5. HIV antigen detection in purified and serum diluted samples.  (a) Event 
statistics (current drop and event duration) plotted for purified antibody and gp120.  (b-d) 
Probability density functions for the current drop parameter for various protein solutions.  
Antibody sample: n=7381, antibody+gp120: n=5699, antibody+BSA: n=2122, 
antibody+gp120+BSA: n=4682, antibody+gp120+FBS: n=1407.   
 
4.3.5 Unbinding Phenomena and Characterization of Unbinding Forces 
Attempting to detect specific proteins through ligand-antigen binding also 
necessitates that the complexed proteins stay bound together throughout the time spent 
within the sensor (i.e. the nanopore).  However as shown in previous nanopore studies, 
the electric field inside the nanopore can result in protein unfolding and even unbinding 
of complexes [68, 125, 127, 150].  Based on experiments with antibody and gp120, we 
found evidence for such electric-field induced kinetics.  In particular, unbinding events 
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were identified in the electrical signal as a double peak event with the smaller and larger 
peaks having a current drop that matched that of gp120 and antibody, respectively (Fig. 
3a).   Other possible explanations for such events include: the antibody-gp120 complex is 
still formed but creates uncharacteristic shaped events or the two proteins happen to 
translocate at the same time.  The first possibility was ruled out due to the fact that the 
peak matched the expected event properties for unbound gp120 and also the inter-peak 
time between the larger peak and smaller peak is variable not fixed suggesting there is 
not a direct connection between the two proteins.  The second possibility was also ruled 
out since the inter-event time is generally on the order of milliseconds to seconds which 
would make simultaneous translocations highly unlikely and furthermore, no other 
protein samples mixed with antibody at the same concentration produced such events 
unless the two proteins had affinity (i.e. a complex was formed). 
To further identify if unbinding is occurring, higher voltages were applied to 
determine if the proportion of bound verse unbound species was dependent on the electric 
field strength.  Using the same protein sample, which should yield identical event 
distributions assuming fixed ratio of protein species, the higher applied voltage yielded 
higher probabilities of observing gp120 events (Fig. 4.6b-c, probability at 400 mV: 
43.1%, probability at 800 mV: 60.3%).  It is also noteworthy that the second fitted 
distribution, representing antibodies and remaining antibody-gp120 conjugates, has a 
corresponding smaller area and relatively smaller standard deviation than would be 
expected.  These trends suggest not only that unbinding is occurring but also that the 
proportion of bound gp120 depends on the applied voltage.     
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The unbinding of a biological species within a nanopore was first used to describe 
the process of DNA unzipping using a modified Kramer’s rate law [170, 171].  The 
unbinding of two proteins was recently applied by Wei et al. in order to determine single 
molecule binding kinetics.  Both kinetic processes can be described using a single energy 
well model which immediately diminishes at a certain separation distance.  Using this 
formulation, the characteristic time to unbind is calculated as:   
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where Eo is the energy holding the bond together (eV), koff is the off rate constant (s-1), q 
is the effective charge determining the scale of force that the applied voltage provides 
(Coulombs), and V is the applied voltage.  The qV term describes the lowering of the 
energy barrier which allows unbinding to occur within a shorter period of time.  The 
forces acting on the protein complex which caused unbinding were shown to be a 
function of voltage, allowing the inclusion of the qV work term.  Using the Kd for our 
specific antibody and antigen (obtained using surface plasmon resonance), Eo was found 
to be 0.42 eV with a koff of 1.32×10-3 s-1 [172].  The rate of unbinding was found to be 
logarithmic as a function of voltage over a range of likely q values (Figure 4.6d).   
In order to curve fit the experimental value of q, the probability of observing an 
unbinding event during a fixed time period is found using P(tu)=1-exp(-t/tu) where t is the 
fixed period of time given by the event duration.  For 400 mV, there were 8.9% double 
peaks out of the total number of events and 11.6% double peaks after subtracting out 
110 
 
monomer events which should not be included in the probability calculation.  The 
experimental value was found to be +0.9e which allowed the rest of the probability 
curves to be generated over a range of applied voltages (Figure 4.6e).  In the work of Wei 
et al, a charge of +2e was used however this not only depends on the ligand charge but 
also the geometry of the pore.  Using constants obtained here as well as extrapolating the 
graphs presented in Wei et al., at 800 mV unbinding is likely to occur so rapidly (<2.5 μs 
via extrapolation and <1ns in this work) that virtually all complexes would become 
unbound which was observed experimentally.    
Using this model, it was found that less 1% of protein complexes unfold at an 
applied voltage of 300 mV (for our pore geometry).  Using COMSOL simulations of a 35 
nm pore, this corresponded to an electric field of 7.2×105 V/m.  Since the electric field 
inside the pore is a function of pore diameter (Figure 4.7b), the unbinding voltage for a 
range of pore sizes was found and can be used as an upper limit for future nanopore 
experiments in order to prevent potentially detrimental protein-antibody unbinding.   
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Figure 4.6. Antibody-gp120 unbinding kinetics.  (a)  Characteristic double peak events 
with varying inter-peak distances.  (b-c) Probability density function graphs (using all 
points that make up a current signature) for gp120 and antibody solutions at applied 
voltages of 400mV and 800 mV.  (d) Theoretical unbinding time for gp120 and antibody 
inside a nanopore for various effective charges.  (e)  Probability curves for the occurrence 
unbinding as a function of applied voltage.  Voltage was found to be main factor 
affecting the probability of unbinding with translocation time having, in comparison, only 
minor effects.   
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Figure 4.7. Interrogation of electric field strength inside a nanopore.  (a) Visual 
representation of the electric field within and around the nanopore.  (b) Electric field 
variations with applied voltage and pore size.  (c) Unbinding voltages as a function of the 
experimental parameter pore size.  Unbinding voltage was found by: (1) using the 
equation P=1-exp(-t/tu) to find the voltage in which <1% complexes will unbind, (2) 
using COMSOL to find the electric field inside the pore, (3) simulating various pore sizes 
and determining which applied voltage yields the electric field strength obtained in step 2.  
Since the electric field inside the pore is the same, even duration is assumed to be 
constant.   
 
4.3.6 Antibody-gp120 Complex Detection 
Serving as a model for sub-population detection in complex protein mixtures, we 
have applied a multi-dimensional classification algorithm based on the three commonly 
reported event properties: current drop, event duration, and event area.  As observed in 
Figure 4.5d, the majority of gp120-antibody events exist between antibody monomer and 
dimer species making it impossible to select out certain populations using a threshold 
filter.  Using the support vector machine method, all available data is used in 
classification of gp120-positive events.  Training was performed on data obtained using 
antibody + BSA solutions (negative data class) and gp120 + antibody solutions (positive 
class).  Using a 700 event testing dataset, the following detection results were obtained: 
202/700 (29%) positive events in the presence of BSA, 176/700 (25%) positive events in 
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the presence of FBS, and 20/700 (2.8%) positive events with gp120 replaced with BSA.  
By training and testing repeatedly (using separate data each time), we can obtain more 
accurate statistics about the reproducibility of the detection (Figure 4.8c).  In the presence 
of BSA and FBS, gp120-positive samples had a positive count probability of 0.298 ± 
0.003 and 0.274 ± 0.012, respectively.   The (false) positive rates for samples without 
gp120 were consistently below 4% over multiple training and testing sessions (0.030 ± 
0.002).  This data demonstrates the ability of nanopores to detect individual molecular 
species in a complex mixture and provides an automated method for future detection 
devices upon implementation.   
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Figure 4.8. Support vector machine (SVM) training and detection of events.  (a) A two 
dimensional projection of a three dimensional space (current drop versus event duration 
versus event area) which detects events based on inclusion or exclusion by the decision 
boundary (red crosses: antibody and BSA events, green crosses: antibody-gp120 and 
antibody dimer-gp120 events, black line: decision boundary).  (b) Detection of events 
using the trained algorithm (tick marks indicate a positive event detection.  (c) Repeated 
(10 times) training and testing of data indicates the reproducibility of the SVM detection 
method. 
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4.4 Discussion 
4.4.1 Existence of Antibody Dimers 
Based on the excluded volume measurements discussed previously, the largest 
complex that should be observed (assuming only monomer antibody) has an excluded 
volume of the antibody (using the largest current drop observed with antibody alone) plus 
the potential for binding two additional antigens (as determined by the shift in peaks upon 
adding antigen).  This leads to a maximum excluded volume of 309 + 2 (64) = 437 nm3.  
This corresponds to a current drop of 950 pA which does not account for the events 
observed above 1 nA.  If the events above 1 nA were also due to orientation effects, then 
it would be expected that these events would also exist in the presence of secondary 
proteins which have the potential to alter binding kinetics but not translocation properties 
of individual complexes.  However the number of events greater than 1 nA is drastically 
reduced upon adding secondary proteins.  Due to large number of events that suggest 
more than 2 antigens can be bound to the same translocating protein complex, and the 
fact that the event distributions change when secondary proteins are added, suggest the 
existence of antibody dimers.   
Translocation theory of proteins has been described in two competing ways: (1) 
free translocation theory and (2) translocation through protein tumbling (large 
interactions with wall).  Using free translocation theory, Talaga & Li have demonstrated 
that the probability distribution is peaked at a single orientation which becomes more 
peaked with increasing voltage as the dipole of the protein becomes more strongly 
aligned with the electric field [68].  Protein tumbling has been briefly described by 
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Niedzwiecki et al. in which they described the adsorption kinetics of BSA [85].  If 
interactions with the pore are significant and the protein goes through the pore in multiple 
orientations (within a single translocation event), the measured current drop would 
correspond to the orientation producing the largest current drop.  Both theories would 
support the claim that the two peaks observed with purified antibody correspond to 
monomers and dimers.   
4.4.2 Schemes for Diagnostic Sensing  
Using silicon nitride nanopores, we addressed some of the practical 
considerations of future detection studies and statistically analyzed the detection 
capability of our system to further push nanopores in the realm of a useful healthcare 
device.  Based on the results of our study, sub-populations of molecular species could be 
detected and discriminated from background events that were present due to serum 
proteins.  This was demonstrated by the fact that samples that were gp120-positive had a 
statistically greater number of positive events compared to control samples (FBS with no 
gp120).   
In existing detection schemes for diagnosing AIDS, molecular recognition often 
has internal controls which can be used to insure binding is occurring specifically, instead 
of nonspecifically through adsorption [173].  One method in which this is done is by 
using a competitive binding assay in which the proportion of antigens bound to a certain 
antibody is governed by their respective binding constants.  A similar approach can be 
envisioned using nanopores wherein two antibodies that have different tags (e.g. different 
sized beads or variable-length oligonucleotides) attached to them.  Upon incubation with 
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antigen, the number of positive events from antibody A compared antibody B would 
provide confidence that molecular recognition through conventional ligand binding 
mechanisms using competitive binding theory (Figure 4.9a).  Furthermore, at higher 
voltages, the antibody with the lower koff constant would be selectively dissociated 
proving a dissociation voltage (Vd) as another parameter to verify accurate recognition of 
the antigen.  Therefore, such methods would provide specificity in terms of ligand-based 
molecular recognition, competition, as well as unbinding kinetics.  The concept of using 
unbinding to improve the specificity of multiple analytes was originally conceived by 
Kasianowicz et al., in which unbinding was induced using steric forces [34].  The main 
advantage of using non-functionalized pores is that competition can be probed adding an 
additional level of analysis not possible when fixing binding sites to the pore wall.  These 
methods of recognition increase the sensitivity of the nanopore system which by itself is 
not specific to individual proteins.  We argue that by using un-modified pores, we are 
able to study population dynamics, the effect of the electric field, and also in the future 
study competition between antibodies.   
4.4.3 Schemes for Studying Protein Kinetics 
A fundamental aspect of studying a bound protein‘s passage through a nanopore is 
that the analysis also lends itself to answering many fundamental questions surrounding 
the conformational changes in proteins due to binding.  In particular, they provide a 
unique way of studying the states of the recently dissociated protein.  Prior to the works 
of Wei et al. and Yusko et al., the main problem was not being able to control where 
binding took place.  Through functionalizing single binding sites to the pore wall, these 
groups were able to isolate binding events to the area surrounding the pore.  However 
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since there is only one translocating molecule, changes in excluded volume are difficult 
to justify as being due to conformational change.  Another possible method is to localize 
the unbinding of two molecules to the area surrounding the pore.  If successful, as shown 
to occur in the present study, it would be possible to obtain two event signatures 
corresponding to a protein that is conformationally stable irrespective of its binding state, 
and a second signature corresponding to the conformationally unstable state just after 
being dissociated (Figure 4.9b).  Having an internal control for calculating excluded 
volumes is necessary for having confidence that the change is actually due to a change in 
the folding state of the protein. The ability to detect various folding states of a protein 
with a nanopore has been documented recently [68, 101, 125].    
 The gp120 protein is particularly attractive for this aim owing to the that fact that 
the binding of gp120 to the CD4 receptor has been shown to have a large negative 
entropy (-TΔS≈38-44 kcal/mol at 37 ⁰C) indicating the structuring of gp120 from more 
flexible conformations [174-176].  This type of analysis would also prove useful to a new 
and growing field dedicated to understanding intrinsically disordered proteins (IDPs).  
This fairly new class of proteins only obtains its folded, functional form when it is bound 
to a specific binding partner.  The sequence of events which leads to the folded state, or 
alternately, how unfolding occurs upon disassociation is still be actively researched for 
various IDPs.  Localizing single molecule events by making use of the spatially localized 
electric field around the pore has proven useful in a number of ways already as shown by 
numerous experiments involving the unzipping of DNA [171], the unbinding of proteins 
for the determination of rate constants [150], as well as unfolding proteins [68, 125].  
Through the excluded volume measurements described here, future work will likely 
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provide methods of studying conformational changes of the recently unbound state 
providing a unique look into the sequence of events surrounding binding-induced 
structural kinetics.  
 
Figure 4.9. Schematics describing nanopore sensing for diagnostic purposes (a) and 
protein folding analysis (b).  (a) Using two different antibodies, each with a unique 
current signature, the detection of antigens can be more confidently obtained by 
measuring the ratio of bound antibodies.  By increasing the voltage until the unbinding 
voltages for each antibody-antigen is reached, detection could be further validated.  (b) 
Using the electric field inside the nanopore, unbinding of a freely translocating protein 
complex can be performed.  Obtaining a molecular signature for both component proteins 
provides the opportunity to study binding-induced structural kinetics.   
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4.5 Conclusion 
In this study we demonstrated the ability to use nanopores to study various 
binding states of gp120 and the anti-gp120 antibody.  Through our analysis, we 
determined that antibody dimers are present in our solutions and create a bimodal event 
distribution similar to those observed by other groups.  Instead of attributing the second 
larger peak to orientation effects, we observe that the multivalent binding produces 
species with more than two antigens being bound to a single complex and that the 
number of these multivalent species decreases when incubated with secondary proteins as 
well as at elevated voltages; both of which are unfavorable to forming and maintaining 
bonds.  A second important finding that came from this analysis was that even when a 
complex is only transiently exposed to high electric fields, and not bound within the pore, 
unbinding can still occur within the short duration of the event.  This finding, along with 
the capacity to detect sub-population of different antibodies, opens the door for a robust 
nanopore sensing device.  Since nanopores collect information on individual proteins and 
protein complexes using a label-free technique, the number of molecular species can 
further be expanded by creating unique molecular signatures for each antibody-antigen 
pair.  We also propose that such a method would be able to better detect antigens through 
obtaining competitive binding kinetics that is not possible when fixing binding sites to 
the pore. This strategy of detection will be critical to an all-in-one bio-analytical device 
which is popularly envisioned for future lab-on-a-chip devices. 
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Chapter 5: Findings and Future Directions 
 
5.1 Discussion 
5.1.1 Overview of Findings 
 Through the accomplishments of this thesis research, novel pore types were 
characterized and used to study biological molecules with an emphasis on proteins.  The 
study of proteins focused on two main attributes of proteins which are the general 
structure or shape of the protein as well as the binding kinetics of the protein.  These two 
properties of a protein determine its function in the body as well as certain proteins 
pathological mechanism. It is therefore of the utmost importance to develop the most 
accurate and low cost methods to analyze proteins.  In order for these methods to be truly 
useful in the medical field, the data capture rate must also be maximized.  To this aim, we 
also studied the physics behind protein capture and translocation through the pore.  We 
discovered a method to significantly decrease the number of clogging events which 
severely limit the collection of useful data.  
Although many single molecule techniques exist, the nanopore platform is 
perhaps one of the more popular techniques due to its ability to act as a molecular sensor 
of biological macromolecules.  For example, nanopores offer a unique, new method for 
probing various properties of proteins and can contribute to elucidating key biophysical 
information in conjunction with existing techniques.  In the present study, various 
proteins were detected including BSA, PDZ2 and related mutants, HIV protein gp120, 
and anti-gp120 antibodies.  With each of these proteins, the excluded volume was 
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measured for the native and various unfolded states that normally are difficult to obtain 
due to unknown and unstable protein conformations. 
Perhaps most significant of the findings is an alternative single molecule method 
to unfold a protein domain, observed at electric fields greater than 106 V/m, and is fully 
controllable by the application of increasing voltages across the membrane of the pore.  
Furthermore this unfolding mechanism is characterized by measuring both the residence 
time of the protein within the nanopore and the current blockade. The unfolding data 
supports a gradual unfolding mechanism rather than the cooperative transition observed 
by classical urea denaturation experiments.  It is shown that the voltage-mediated 
unfolding is a function of the stability of the protein by comparing two mutationally 
destabilized variants of the protein domain PDZ2.   
The kinetics of protein folding and binding are not only scientifically relevant to 
understanding the complex molecular machine-like functionality of proteins inside of 
cells but can also help elucidate disease pathways and lead to better therapeutic agents.  
Using nanopores to investigate these kinetics holds great potential for such proteomic 
studies in which the structure and function of proteins can be rapidly screened.  In this 
study, we achieve this goal by detecting the folded and unfolded states of PDZ2 without 
the use of chemically modified pores which are known to be difficult to reproducibly 
fabricate.  Nevertheless, chemical modifications were found to be useful for enhancing 
the detection of SEM shrunk pores.  With the use of a PEG-silane, SEM shrunk pores 
were able to sense proteins but lacked the precise size control of TEM-drilled pores.    
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Protein conjugation provides a unique look into many biological phenomena and 
has been used for decades for molecular recognition purposes.  In this study we 
investigate the use solid-state nanopores to detect gp120-associated complexes which 
exhibit monovalent and multivalent binding to anti-gp120 antibody monomer and dimers.  
In order to investigate the feasibility of many practical applications, we attempted to 
detect specific proteins complexes within a heterogeneous protein sample as well as 
investigate the role of voltage on complexed proteins.  As a result, we found that the 
electric field within the pore can result in unbinding of a freely translocating protein 
complex within the transient event durations that we measure experimentally.  We further 
go on to discuss how the strong dependence of the unbinding time with voltage can be 
used to improve the detection capability of the nanopore system by adding an additional 
level of specificity that can be probed.  These data together provide a strong framework 
for future protein-specific detection schemes which is shown to be feasible in the realm 
of a “real world” sample and an automated multi-dimensional method of detecting 
events. 
5.1.2 Possible Mechanisms of Linear Unfolding of Proteins 
In this work, linear unfolding of proteins was observed despite cooperative 
unfolding being the accepted mechanism of unfolding for proteins using chemical 
denaturants such as urea.  A non-cooperative unfolding mechanism simply means that the 
protein can exist in more than two states.  Functionally, this occurs when certain 
secondary structures have a greater or lesser propensity to unfold than others or the 
secondary structure only partially unfolds while keeping some parts intact.  Such a 
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phenomenon leaves the protein partially conformationally-constricted depending on the 
strength of the denaturing force on the protein.   
With low denaturing forces (low electric field), the PDZ2 domain studied here 
seemed to experience a partial unfolding transition.  Furthermore, with each incremental 
step in voltage, the conformation of the protein became even more distorted representing 
a more linear unfolding pathway.  Since the applied voltage can be arbitrarily chosen, the 
number of potential states of the protein which can be studied are many more than the 
standard two-state model of protein unfolding.   
The linearity of unfolding is expected to be caused by the nature of forces on the 
protein.  In electric-field induced unfolding there are multiple Coulomb forces acting on 
the many different charged amino acids in the protein.  It is expected that these forces can 
be simplified into a net pulling force directed opposite to each other and with equal 
magnitude.  The magnitude of each force vector will be given by  
ܨ ൌ ݍଵݍଶ4ߨߝ௢ݎଶ 
where q1 and q2 are the dipole charges, εo is the vacuum permittivity, and r is the distance 
between the effective dipole of the molecule.  There are two potential scenarios which 
would lead to a linear unfolding pathway.  The first assumes there is a bumpy energy 
landscape between the folded and completely linear form of the protein.  Each energetic 
hill must be overcome in order for the next state to be acquired.  For small voltages the 
state of the protein may be altered a small amount but stop unfolding when it reaches an 
energetic barrier.  By increasing the voltage, the protein may acquire a more unfolded 
state but become stuck at a larger energy barrier causing it to stop unfolding.  These 
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energetic bumps will be overcome in a voltage-dependent manner leading to a quantized, 
yet linear pathway of states.  The second possibility is that once the dipole is pulled apart 
slightly, the unfolding force changes (i.e. a non-constant force on the protein).  If we 
assume the dipole magnitude is constant but gets pulled further apart, the force would 
reduce (force is inversely proportional to r-squared).  Most likely, however, the dipole 
charges will be altered when the charges in the protein are redistributed.  What can be 
said with confidence is that the force on the molecule is changing during the unfolding 
process (even at a constant applied voltage).  Most likely the linear nature of the 
unfolding is due to a combination of these two mechanisms (a bumpy energy landscape 
and a varying force on the molecule during the unfolding process).    
5.1.3 Event Probabilities and Colloidal Physics 
 In the short time in which nanopores have been used as a sensor for biological 
molecules, the sensing scheme has been idealized as a stochastic sensor where analyte 
molecules randomly and independently diffuse into the region surrounding the pore.  In a 
previous section of this work, it was shown that proteins are able to crowd around the 
entrance of the pore and thereby enhance the probability of translocating the pore.  This 
seems to be true for all the proteins studied here but when two proteins are in the same 
chamber and the relative frequency of each event is important, interaction forces between 
the two proteins must be taken into account.  If hypothetical “protein A” is mixed with 
hypothetical “protein B” and each Protein A likes to interact with three molecules of 
Protein B, in the limited space inside the capture radius of the pore, there will be an 
increased event probability for Protein B events.  These colloidal forces between proteins 
will affect not only the probability of observing an event but also potentially the sequence 
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of protein events.  Once Protein A is translocated, for example, Protein B will not have an 
energetic incentive to stay on the “cis” side of the nanopore.  The energy barrier to 
translocate the pore will be slightly reduced and Protein B will be more likely to 
translocate.  Such an experiment should be designed in which pairs of proteins are 
selected based on their Hamaker constant.  The Hamaker constant is a Van der Waals 
body-body interaction and would therefore dictate how the proteins interact with each 
other inside the capture radius of the nanopore.   
 There are several ways to study the interactions between proteins and determine if 
they affect the events we see in the nanopore experimental setup.  One way to do this is 
using an autocorrelation analysis which determines if there are repeating sequences in the 
time series.  Another way to do this analysis is to calculate the probability of transitioning 
between states where each protein translocation event is a state.  For a sequence of 
events, transition probabilities can be calculated.  For example, one could find the 
probability of seeing a Protein A event after just observing a Protein A event and what 
the probability is for seeing a Protein B event after just observing a Protein A event.   
These probabilities would have to be compared to a control pair of particles to determine 
any deviation from the non-interacting case.  Alternatively, the event frequency data for 
each protein individually can be merged and create an artificial sequence of events.  
Depending on whether the two proteins have attractive or repulsive forces, the transition 
probabilities will be different.   
If the events are perfectly classified (we assume the observed event is the state) 
calculating the probabilities is fairly straight forward.  If the identity of the protein is 
determined by the current drop and the distributions for each protein overlap, the 
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observed event does not conclusively indicate the state of the system.  In such a case, 
using a Hidden Markov Model (HMM) is the best way to analyze the data.  By using the 
experimental data was a sequence, the HMM will output the underlying states of the 
system and the transition probabilities between states.    
5.2 Future Directions 
 A nanopore drilled in a freestanding membrane has many applications owing to 
its simple and robust architecture.  Passing a single molecule or complexes of different 
types of molecules through a nanopore provides unique information that cannot be 
obtained using other methods.  On the other hand, certain types of information will never 
be able to be probed such as the structure of a molecule to Ångstrom-level resolution.  
Therefore nanopores are to be used in conjunction with other methods to obtain a 
comprehensive understanding of the molecule being studied.   
 Nanopores have already proved useful for answering scientific questions such as 
how proteins and protein complexes respond to electric fields as well as numerous 
findings about DNA behavior and physics within nanofluidic architectures.  These studies 
exemplify the scientific usefulness of the nanopore device which will no doubt continue 
into the future.  Up until now little commercial success has resulted from nanopore 
technology despite several company start-ups and existing companies buying nanopore 
intellectual property.  Among the most prominent is Oxford Nanopores which used the 
biological pore α-hemolysin to supposedly sense proteins and DNA using a USB device.   
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 The immediate future work that will result from my research can be categorized 
into the following areas: protein structure kinetics, nanopore fabrication, and protein 
complex detection.  The future works for each of these areas will be discussed below. 
5.2.1 Future Work on Protein Unfolding 
 In terms of protein structure kinetics, future works will include the study of 
intrinsically disordered proteins whose stability can be altered with the addition of 
stabilizing molecules.  The protein that we intend to study is the gp120 protein due to our 
past success with translocating this protein, its well-studied kinetics, as well as the 
existence of a number of gp120-binding agents that are ideal for conducting this study.  
By applying a range of voltage with and without each gp120-binding agent (known to 
affect stability by a varying amount), we intend to study the low voltage state of each of 
the gp120 bound states as well as the voltage response of each gp120-bound state.  We 
hope to observe a structure change simply due to the binding itself as well as a voltage-
induced structure change that is dependent on which binding agent is used.  This study is 
interesting because the various states of gp120 are not fully understood due its highly 
flexible structure.  In the presence of an electric field, those minor changes in flexibility 
could amount to a significant and detectable structure change that can be sensed by the 
nanopore.  If successful, a unique way to study HIV infection could be developed.  
Nanopores could also be used to screen drugs that alter the stability of the gp120 protein 
and therefore decrease its ability to infect human cells.   
 Another aspect of gp120 characterization which is critical to HIV pathogenesis 
and virulence is determining which gp120 molecules are active.  Since the gp120 
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molecule is functionally and genetically flexible, some gp120 molecules act as decoys to 
the host immune system and are not useful towards HIV entry.  Nanopores should be able 
to distinguish between the active and inactive forms by performing a stability analysis on 
the proteins.  Since single point mutations were able to be detected using nanopores, any 
stability change in gp120 should be able to be detected using the methods outlined in 
previous sections (using a voltage-based study).  Other techniques include adding 
purified CD4 protein to the gp120 and determining if gp120 is more prevalent in its 
unbound state or bound to CD4 using the translocation frequency as a measure of 
concentration.  By calculating the translocation frequency of the gp120 alone and with 
CD4 added, a change in gp120 event frequency would indicate active gp120 which binds 
to CD4 but no change in event frequency would indicate inactive gp120.   
 Another benefit to studying other proteins in the future is that we will be able to 
formalize the non-cooperative nature of electric field-induced unfolding.  More studies 
with proteins of differing molecular properties will be useful to determine and pinpoint 
which properties of the protein affect this unfolding mechanism.  Using multiple proteins 
with similar size but different dipole moments would help determine if this is a major 
contributing factor in unfolding or if it simply depends on the relative number of positive 
and negative amino acids.  By running many proteins through the nanopore, correlation 
plots could be generated comparing nanopore event properties to the known biophysical 
properties of the protein.  
 Finally, future studies will benefit greatly from a side-by-side study where 
experimental and simulation data are gathered.  Molecular Simulations can give a much 
more precise look at the structure of the protein and the forces being imposed on each 
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atom of the protein.  Simulations may be the key to figuring out both the forces on the 
protein throughout the translocation process and the energy landscape of the protein as 
the protein undergoes non-cooperative unfolding.   
5.2.2 Future Work on Nanopore Fabrication 
 In terms of nanofabrication, we intend to continue in our efforts to develop of 
graphene nanopores.  Graphene offers a number of advantages compared to silicon 
nitride including a thickness on the atomic scale.  In addition to its strong mechanical 
integrity making it suitable for creating free-standing membranes, graphene is conductive 
allowing for the measurement of transverse currents.  If the device fabrication can be 
tailored to include two separate graphene electrodes, we could measure the tunneling 
currents of a molecule that is in the process of translocating through a graphene pore.  
Current research efforts have successfully made graphene pores by utilizing a 
transmission electron microscope.  Owing to the ultra-thin nature of graphene 
membranes, the first experiment we performed was translocating DNA since it has an 
extremely long contour length.  Proteins were not initially translocated because a protein 
passing through a 50 nm long nanopore is already at the limits of the Axopatch recording 
bandwidth.  We therefore expected a protein to pass through the atomically thin graphene 
too fast to be detected.  However by unfolding the protein or using more current 
technology that increases the bandwidth of the recording we could use graphene to study 
the unfolded or even folded state of a protein with ultra-high resolution.  Using graphene 
to study proteins would be of great significance since it is most similar to the dimensions 
of the pores found in living systems.  Also, entirely new kinetics would be studied since 
the electric field within the pore is even higher than the same size pore in silicon nitride.   
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5.2.3 Future Work on Studying Different Protein Species and Complexes 
 In terms of protein complex detection, future studies should focus on elucidating 
the mechanism of electric field induced unbinding.  More specifically is it the unfolding 
characteristics of the electric field that unfold the protein, the shear effects of the fluid 
flow around the pore, or the differential charges of the two proteins that could exert a 
force on the bond holding the complex together?  Secondly, protein-based assays should 
be attempted to be reproduced using nanopores with the aim of increasing throughput and 
making an all-in-one protein analysis device.  One concept that is of particular interest is 
seeing if mass spectrometry results can be duplicated using a nanopore.  A second 
concept is using nanopores to study competitive binding between two proteins.  
Competitive binding assays are ubiquitous in biochemistry and would be significantly 
cheaper if antibodies or fluorescent tags were not used.  Nanopores offer this advantage 
through its electrical detection mechanism of single protein complexes.  These are several 
of the directions that one could investigate further based on the data that has been made 
available through the completion of this research.   
 In the future, using protein modifications and protein engineering, the physics 
surrounding ionic current signatures are likely to be further understood.  Proteins which 
are linked together by a PEG tether, for example, will conclusively show how a double-
protein event signature should appear.  The PEG linker length would then be modified to 
determine the minimum distance between the two proteins and still see two unique peaks 
in the current blockade.  A more comprehensive study on the size increase upon ligation 
to other proteins should also be done.  One key to doing such a study is to take into 
account the shape of the resulting ligated protein structure.  Nanopores give a biased 
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measure of size towards the cross sectional width of the molecule.  Therefore an 
understanding of orientation and shape inside the pore is essential to future studies of 
protein complexes and binding.   
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Appendix A: Nanopore Results for BSA 
Introduction 
Single molecule science is a relatively new and exciting field in which the 
physicochemical properties of an analyte are studied for individual molecules.  The 
methods used to perform such analyses are very different from traditional techniques, 
which rely on ensemble averaging (obtaining a signal from more than one molecule).  
Although averaging over many molecules is an extremely useful and reliable 
experimental paradigm, some questions simply cannot be answered this way and 
therefore necessitate a slightly different approach.  For example, if one wanted to detect a 
subset of very rare protein folding events within a larger population, single molecule 
techniques would be absolutely essential.  Another specific example relates to the 
ubiquitous biological phenomenon of a protein travelling through a pore, such as in the 
mitochondrial membrane or endoplasmic reticulum.  The folding and unfolding of 
proteins as they pass through a pore are inherently single molecule events, which are not 
completely understood[1].  Experimentally, the nanopore platform is an ideal tool for use 
in such experiments as the energetics of biomolecules going through individual pores can 
be studied[2].   
Aside from answering purely scientific questions, more practical benefits of using 
nanopores as a single molecule sensor include the following: a) Low analyte volumes are 
needed, b) can work at both low and high concentrations of analyte depending on 
requirements, c) statistics on sub-populations can be easily extracted, d) solid-state 
nanopores can be integrated into lab-on-a-chip instruments for high throughput, 
inexpensive, electrical detection of biomolecules[3].  Detecting low concentrations of a 
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protein or protein state is not only a large limiting factor in current sensing techniques but 
also has important applications in studying the behavior of proteins at their physiological 
concentration[4].  Since physiological concentrations can be quite low (sub-
nanomolar[5]), methods to study protein behavior under these conditions is important and 
can help understand natural biological processes as well as pathological ones, such as 
protein misfolding and fibril formation in Alzheimer’s disease[6].  Furthermore, since 
aggregation is a concentration dependent process, the lifetime of the pre-aggregate 
state(s) is increased at lower concentrations[7, 8]. 
Historically, solid-state nanopores, often formed in a thin silicon nitride 
membrane, have largely been utilized over the past decade to study DNA with the intent 
of obtaining a fast and low cost method for genome sequencing[9-12].  Although this is 
the ultimate target, this field continues to grow with significant achievements being made 
along the way in order to elucidate the reaction pathways of individual molecules[13, 14], 
their size and shape[15], charge[16-18], as well as other biophysical properties[19].  
Perhaps more recently, researchers have started using a similar platform for the detection 
and investigation of other analyte molecules such as proteins[14, 19, 20].  Proteins are 
incredibly diverse and complex in terms of size, shape, and function.  As a result, 
nanopores offer a unique and advantageous tool in the context of single molecule analysis 
of proteins as the pore itself can be used as a physical barrier to unfold or stretch proteins.  
Importantly, a pore can also be used to manipulate the protein molecule based on changes 
in solvation[21], mechanical force,[22]electric field[23], and various solution conditions 
(chemical denaturants[20], reduced pH[24], elevated temperatures[25]).  As a 
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consequence, nanopores are well suited for studying proteins under a large range of 
conditions at the single molecule level.   
For example, nanopores have recently been used to study the properties of bovine 
serum albumin (BSA) and were successful in estimating the size and charge of the folded 
state[19].  Others have performed a detailed study investigating the non-specific 
adsorption of BSA to the pore surface[14].  Solid-state nanopore have also examined 
protein folding using β-lactoglobulin and urea as a denaturant[20].  However, the 
proposed mechanism of detection and the analysis that followed was based on the 
existence of stall points (i.e. where the protein would momentarily stop moving inside the 
pore).  The protein-pore interaction is an interesting and important phenomenon whereby 
the protein sticks to the pore for a prolonged amount of time thereby increasing the 
resistance of the pore.  Based on how the protein interacts with the pore (free 
translocation, single or multiple binding/sticking events), different physical 
interpretations of event duration can be employed.  For example, the use of event 
duration has been used to calculate charge[19], desorption rate constants[26], and the 
effect of electroosmotic flow[16]; however, in all cases certain assumption about how the 
protein interacts with the pore had to be made.   
In this study, we show that BSA protein molecules either went through the pore 
with little interaction or interacted with the pore walls depending on the experimental 
denaturing conditions (thermal, chemical and electric field) at low concentrations.  This 
led to both short and long lived adsorption (and detection) events.  Importantly, our 
studies simply take into account the current drop resulting in no assumptions being made 
with respect to the translocation time.  We utilize these results in order to calculate the 
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excluded volume of the protein under various denaturing conditions.  Our results are also 
compared to those obtained by Dynamic Light scattering (DLS). 
 
Experimental Methods 
Nanopore Fabrication 
Nanopores were drilled in a 50 nm thick silicon nitride membrane which was 
supported on all sides by a square silicon support structure.  Fabrication of this membrane 
consisted of first depositing a layer of low-stress silicon nitride on a silicon wafer using 
low pressure chemical vapor deposition (LPCVD) followed by photolithography, deep 
reactive ion etching (DRIE) and KOH etching.  The free-standing membrane, lying in the 
center of the silicon chip, was then put inside a transmission electron microscope (JEOL 
2010F) for nanopore drilling.  The tightly focused electron beam formed a 5 nm nanopore 
in less than 5 minutes and by modifying the intensity of the electron beam using well-
established techniques, pores could then be shrunk or expanded to the desired size[27].  
Two different pore sizes were used during the course of this study: 10 and 30 nm.   
The pore diameters were electrically characterized by measuring the current 
response given step increases in voltage.  The resistance of the pore is given by the 
reciprocal of the slope obtained by plotting the mean current versus voltage.  Resistance 
has the analytical form of Ω ൌ ఘு஺ ൌ
ఘு
గ௥మ where ρ is resistivity, A is the cross sectional 
area of the pore, and H is the pore length.  Since TEM-drilled pores have a well 
characterized truncated double-cone structure[27], the radius is a function of the z-height.  
Therefore the resistance is evaluated by integrating ݀Ω ൌ ఘ	ௗ௭గ௥మ  in three parts 
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corresponding to r being a linear function of z, a constant value, and once again a linear 
function of z.  Assuming the conical sections are symmetric, the total resistance can be 
simplified to 
 
Ω ൌ 2	ሺΩ௖௢௡௜௖௔௟ሻ ൅ Ω௥ୀ௖௢௡௦௧௔௡௧ ൅ Ωୟୡୡୣୱୱ ൌ 2 ቀఘ	ு೎೚೙೔೎ೌ೗గ௥ሺ௥ା୼௥ሻቁ ൅
ఘ	ுೝస೎೚೙ೞ೟ೌ೙೟
గ௥మ ൅	
ఘ
ଶ௥        (A.1) 
 
For the 10 nm pore and 1.5 M KCl, the analytical conductivity given by ܩ ൌ ଵஐ 
was calculated to be 40.0nS, which when compared to the experimental value of 44.3 nS 
only amounts to a diameter change of 0.6 nm.  For the 10 nm pore and 2 M KCl, the 
analytical conductivity was calculated as 50.0 nS which is significantly lower than the 
experimental value of 70.6 nS.  In order to fit the model to the experimental data, a pore 
size of 12 nm was used which means the pore is conducting ions as if it were 2 nm larger.  
For the 30 nm pore, which has a lower aspect ratio, the contribution of access resistance 
becomes much more significant.  Once again taking access resistance into account, the 
analytical conductance of 200 nS did not match the experimental value of 247 nS.  
However in order to obtain an analytical conductance of 247 nS, a rather small diameter 
increase of 3 nm was sufficient to correct the discrepancy.  The characterization of pore 
conductance using our mathematical model has shown that our nanopore sensors are 
conducting ions close to the values expected given the pore sizes obtained from TEM 
imaging.  Such small changes to the diameter can be attributed to assuming an internal 
profile that is perfectly symmetric and hourglass-shaped.   
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Figure A.1. Electrical characterization of nanopores.  The slope corresponds to the 
experimentally determined pore conductance, G (in nanoSeimens).  Insets show TEM 
images of a 10 nm and 30 nm pore (scale bars are 5 nm and 10 nm, respectively) and the 
internal profile of a pore with labeled model parameters.   
 
Nanopore Experiments 
The methodology used for all nanopore experiments involved placing a single 
nanopore between two electrolytic half cells which were filled with a potassium chloride 
solution (buffered at various pH values)[28].  Protein molecules were then added to one 
half cell and driven through the pore using an applied voltage (electric field strength 
varied for each experiment) while ionic current was recorded using Ag/AgCl electrodes 
and an Axopatch recording system (Molecular Instruments).  Protein translocation events 
were observed as transient decreases in the ionic current caused by the protein 
temporarily blocking the pore.  The ionic current was filtered at 10 kHz and digitized 
(Digidata 1440, Molecular Instruments) at a sampling rate of 200 kHz. Data was 
collected over multiple experiments using the same nanopore, which was prepared prior 
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to each experiment by treating with piranha solution (10 minutes) and plasma (5 
minutes).  
All protein solutions were diluted from a stock solution prior to each experiment 
in potassium chloride (1.5 M or 2 M) to make a final protein concentration of 10 nM.  For 
thermal unfolding experiments, the protein was diluted in a high pH environment (pH 
11.2, KCl/NaOH buffer) to maximize the net negative charge (the isoelectric point for 
BSA is 5.5).  For a more complete description of how pH and KCl concentration effect 
protein charge and their affect on nanopore experiments, see the work of Firnkes and 
coworkers[16].  Thermal denaturation was performed by placing the protein solution in a 
water bath set at 70 ⁰C for 10 minutes and then cooling it to room temperature.  For 
experiments that studied chemical denaturation and the effects of electric field strength, 
the solutions were buffered at pH 7 using potassium phosphate buffer.  Chemical 
denaturation was accomplished using urea which was added to the protein solution to a 
final concentration of 8 M. 
Dynamic Light Scattering Measurements 
When a protein is inside a nanopore, the current drop parameter reflects both the 
volume of the protein as well as the hydration shell around the protein.  Dynamic light 
scattering (DLS) is a technique that takes into account such solvation effects and can be 
used to support nanopore results.  DLS is a technique for sizing particles using Brownian 
motion in conjunction with the Stoke’s-Einstein relationship assuming spherical particles.  
Although BSA is oval shaped in its native conformation, DLS can provide a relative 
measurement of protein size which can be used to discriminate between different 
conformational states[29].  Protein solutions were prepared using the same protocol as 
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used for nanopore experiments however at much higher concentrations (1 mM).  
However, due to expected aggregation at this concentration, thermally denatured BSA 
measurements were not compared to the nanopore data[30].  Measurements were 
performed on a Zetasizer Nano (Malvern Instruments).   
Nanopore Data Analysis 
The recorded electrical signals were analyzed using custom Matlab® scripts 
which detected a translocation event based mainly on the current falling below a set 
threshold.  Subsequent filtering steps removed artifacts and events which had unsteady 
baseline.  Three event properties were extracted from the remaining events: duration (Δt), 
current drop (ΔI), and event area however the main event property we use here the 
current drop.  Both one and two-dimensional data was fitted using Gaussian mixture 
models[31] where individual distributions were optimized using the maximum likelihood 
parameter and the number of distributions was determined by the minimization of the 
Akaike information. 
 
Results and Discussion 
Thermal Effects on BSA 
After thermally denaturing BSA, the solution was allowed to reach room 
temperature and was immediately injected into one chamber of the flow cell.  Due to the 
negative charge of BSA at pH 11.2, once a positive voltage bias was applied to the 
electrode in the opposite chamber, transient decreases in current were recorded indicating 
that BSA was passing through the pore.  Prior to adding protein, the ionic current was 
very stable and showed no transient decreases or drifts in the baseline value (7.3 ± 0.07 
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nA at 150 mV).  Furthermore, no translocation events were observed when negative 
voltages were applied.  The majority of translocation events were observed to have event 
properties similar to the representative event shown in Figure A.2.  These events had a 
mean translocation time of 0.077 ± 0.02 ms (n=203) and 0.20 ± 0.05 ms (n=120) along 
with a current drop of 0.99 ± 0.20 nA and 1.41 ± 0.25 nA, respectively.  Events with 
durations longer than 350 μs (3 standard deviations away from the nearest population) 
were classified as a long-lived event and occurred at a frequency of 12 events/minute.  
For larger pores the frequency of these events decreased however larger voltages 
increased the frequency of the long lived events which has been described in detail 
previously[14]. 
A scatter plot of the translocation time versus event current drop (Figure A.3) is 
used to view the distribution of points which make up two clusters corresponding to the 
two states of BSA.  A Gaussian mixture model was then used to fit the two dimensional 
data.  A three component model yielded the best fit of the data determined by the 
maximum likelihood parameter however the third component is composed mainly of 
outliers or background points which, based on the long event durations and the variability 
therein, represent translocation events where the protein interacted significantly with the 
pore.  These long-lived events made up a small percentage of the total points and did not 
form a tight cluster points in the scatter plot but rather produced a broad distribution of 
points.  It is evident from the raw data as well as the Gaussian mixture model that the two 
main events types differ in both translocation duration and current drop.   
Thermal denaturation of BSA is both a time and temperature dependent process 
which can result in reversible[25] or irreversible unfolding[8, 25, 30].  If irreversible 
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unfolding occurs (starting at 50 ⁰C) followed by bringing the solution back down to room 
temperature, BSA partially refolds but does not obtain its native conformation.  Previous 
reports on temperature-based BSA unfolding have shown that the helicity of BSA 
(normally 66% or 385 out of its 583 residues) is reduced to approximately 42% when 
heated to 70⁰C and then partially refolds to 58% helicity when cooled back to 25 ⁰C[25].  
Since the protein solutions prepared in this study were cooled before measurements, the 
refolded state was present rather than the completely unfolded form.  Also, since BSA 
was left at 70 ⁰C for only 10 minutes, every protein did not become thermally denatured 
which means that some proteins remained in the native state[30].  In the present study, 
two types of events were detected which, based on the current understanding of BSA 
thermal unfolding, represent the thermally refolded and the thermally unaffected native 
states.  At the pH 11.2 used here, the native state is also likely to be different than the 
native state at neutral pH since BSA slightly expands in response to the excess 
charge[32].  An alternative explanation for observing two event types is based on the 
formation of aggregates which was observed using DLS at high concentrations (1 mM).  
However, even if aggregates would form at such low concentrations over such short 
periods of time (10 min), only single BSA molecules should be able to fit through 10 nm 
nanopores. 
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Figure A.2. (a) Ionic current recording showing translocation events of thermally 
denatured and subsequently refolded BSA.  Voltage: 150 mV, pH: 11.2, KCl 
concentration: 1.5 M.  (b) Two representative current blockades which were repetitively 
observed throughout the experiment.  Experiments were conducted at 150 mV (baseline 
current=7.3 nA). 
 
 
 
Figure A.3. (a) Scatter plot displaying event duration (y-axis) and current drop (x-axis) 
properties for thermally denatured BSA (black curves: 3 sigma ellipses).  The data was 
fitted using a Gaussian mixture model (b) which found two main populations and one 
characterized by long event durations suggesting protein-pore interaction or adsorption.  
Events longer than 350 μs (3 standard deviations from the nearest population and marked 
by a dotted line) were classified into this long-lived event type.  The two main 
populations had a mean translocation time of 0.077 ± 0.02 ms (n=203) and 0.20 ± 0.05 
ms (n=120) along with a current drop of 0.99 ± 0.20 nA and 1.41 ± 0.25 nA, respectively. 
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Chemical Effects 
Translocation events were recorded upon injecting BSA into one of the chambers 
of the flow cell while applying a voltage bias across the pore.  The majority of 
experiments were performed at pH 7 which made each BSA molecule carry a net 
negative charge of -18e.  During initial experiments, natively folded BSA molecules were 
translocated through nanopores which measured 5, 10, and 20 nm in diameter.  The 10 
nm pore exhibited good signal to noise and the rate of long lasting clogging events was 
manageable resulting in the most data being collected at this pore size.  Therefore, the 
results in this section were obtained using a 10 nm pore and long lasting events were 
filtered out prior to analysis.   
The unfolding of BSA was investigated by using protein solutions which 
contained 0 M and 8 M urea.  By plotting these two datasets together, any shift in event 
properties would signify a structural change in the protein.  The most significant change 
observed between folded and unfolded BSA was the current drop property (Figure A.4a, 
P<0.01).  The mean current drop values for BSA without urea and with urea were -3.0 ± 
1.0 nA (n=1973) and -5.3± 1.2 nA (n=880), respectively.  The duration parameter was not 
significantly different with values of 0.24 ± 0.24 ms and 0.25 ± 0.24 ms for BSA without 
and with urea, respectively.  An increase in the current drop means that a greater portion 
of the pore had become blocked when the protein was traveling through it.  Unfolded 
proteins not only become less compact, their solvent exposed surface area increases 
allowing more sites for hydration which can also increase the effective size of the 
protein[29, 33]. 
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The similarity between folded and unfolded BSA event durations suggests that 
BSA does not freely translocate through the pore.  If no protein-pore interactions 
occurred during translocation, the duration parameter would be related to the size and 
electrophoretic mobility of the protein, which is not the same for the folded and unfolded 
BSA molecule.  The data suggests that, under these experimental conditions, BSA 
transiently binds to the pore surface during translocation, which explains why the 
duration parameter does not agree with free translocation theory.  In experiments where 
protein-pore binding is studied, the event duration is directly related to the rate constant 
of desorption and has previously been studied[26].  In our analysis, different folding 
states of BSA were detected solely by means of the current drop parameter which not 
only was sufficient in discriminating between folded and unfolded states but also allowed 
for excluded volume calculations.   
In order to confirm that urea caused a shift in the effective size of BSA, a more 
traditional bulk protein measurement based on DLS was performed.  The average size of 
folded and unfolded BSA was found to be 9.7 ± 1.8 nm and 22.7 ± 5.8 nm, respectively 
(Figure A.4b).  A value of 9.7 nm for folded BSA is reasonable since BSA is an oval 
molecule with dimensions of 4×4×14 nm[19].  However, the hydrodynamic diameter of 
urea-unfolded BSA should be viewed with more skepticism since the protein adopts an 
extended conformation, which can lead to overestimation of the overall size (if literally 
taken to mean “diameter”).  The mass of a molecule is proportional to the hydrodynamic 
radius raised to a power equal to the mass fractal dimension, df (m rdf)[34].  For a rod, 
the mass fractal dimension is approximately one (m  r1)[35] however if incorrectly 
assumed to be spherical, the mass (or volume) would be calculated using r3. Therefore, 


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because the unfolded state does not have a well-defined structure, DLS is used here to 
confirm that the average conformation of urea denatured BSA is distinct from that of the 
folded protein.  It is also tempting to infer the existence of different protein 
conformations from the width of the DLS distribution, however, measurement variability 
and averaging over many measurements also affects the width.  In addition, the 
measurement itself is an average of many molecules and therefore obtaining information 
about different protein conformations is hindered by ensemble averaging.   
 
 
 
Figure A.4. (a) Scatter plot, event duration and current drop histograms and 
representative events for BSA without and with 8 M urea.  The mean current drop values 
for BSA without urea and with urea were -3.0 ± 1.0 nA (n=1973) and -5.3 ± 1.2 nA 
(n=880), respectively.  The duration parameter was not significantly different with values 
of 0.24 ± 0.24 ms and 0.25 ± 0.24 ms for BSA without and with urea, respectively.  Inset: 
representative events with and without urea were chosen from within the circled regions 
(black dotted circles).  Experiments were conducted at 300 mV (baseline current = 20.9 
nA).  (b) Hydrodynamic diameter measurements of BSA with and without urea using 
DLS. Hydrodynamic diameter of BSA: 9.7 nm, BSA with urea: 22.7 nm (in 2 M KCl, 10 
mM potassium phosphate buffer). 
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Electric Field Effects 
One of the most critical parameters when studying proteins using nanopores is the 
applied voltage.  The voltage not only determines how fast translocations occur (i.e. event 
duration) and the frequency of events but can also alter protein structure[20, 36].  This is 
not true for DNA experiments because of its homogeneous negative charge.  However, 
proteins exhibit a heterogeneous charge distribution along its backbone, which allows for 
individual amino acids to be pulled in opposite directions when an electric field is 
applied.  This force on the amino acid side chains may cause structural instability and 
even denature the protein[20].  Furthermore, structural transformations have even been 
reported in electrophoresis experiments which are performed at much smaller electric 
field strengths[20, 36].  Proteins have been studied before using nanopores, however 
researchers have only commented on the fact that the structure may have been 
compromised by the electric field during their experiments.  There has been no 
experimental data regarding how the change in protein structure might manifest itself in 
the recorded ionic current signal.  Since experiments cannot be done in the absence of an 
electric field, the only option is to observe changes in the data by increasing the 
magnitude of the electric field.   
Since few events were recorded below 300 mV, this was the lowest voltage at 
which data was collected.  The applied voltage was then incrementally increased up to 
900 mV where the pore started to become blocked.  The largest quantity of data was 
collected at 800 mV; therefore, this potential was used to compare the results obtained at 
300 mV (Figure A.5).  As the total number of detected events was different at both 
applied potentials, a probability density distribution was used to compare the results.  The 
159 
 
distributions at 300 mV showed only one main peak representing very reproducible and 
stable translocation events (Figure A.5b).  This is reasonable since BSA has an ellipsoid 
shape with the long axis being larger than the pore diameter making suggesting that BSA 
translocations mainly occur in one orientation.  The distributions for data recorded at 800 
mV however showed multiple peaks (Figure A.5c).  We propose that these different peaks 
represent different conformational states populated by the protein.  Interestingly, the same 
current drop was observed in both BSA samples (with and without urea) indicating that 
the effect of the electric field overrides that of urea.  Taking these observations into 
account, a number of different translocation orientations can be envisioned which would 
produce these reproducible peaks (Figure A.5c insets).  Taking the length of an amino 
acid as 0.36 nm[37], the length of fully extended BSA is approximately 210 nm.  The 
conformation proposed for peak A would therefore have a length of 60-70 nm (1/3 the 
total length).  If conformation A was “folded” any further, the entire protein would be 
within the sensing zone of the pore (a cylinder with a height and radius of 50 nm and 10 
nm, respectively) which suggests that events to the left of peak A (including the small 
peak observed in the “No Urea” curve) represent events where the entire molecule is 
inside the nanopore.  A well-defined peak with such a large current drop was only 
observed in the sample without urea which could be due to the unique way in which the 
folded BSA molecules enters the pore prior to electric field induced unfolding.  The mean 
event duration for peaks A, B and C were 206.8 ± 345 μs, 187.3 ± 438 μs and 166.0± 
354μs, respectively, which suggests the most extended protein conformation travels 
through the pore quicker due to fewer interactions with the pore.   
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These results suggest that nanopores can be used as a new experimental tool to 
elucidate how the chemical and fluidic environments of proteins affect their propensity to 
be destabilized by electric fields.  Electric field-induced unfolding is an interesting topic 
to study since proteins unfold by this mechanism inside cells[38] however for many 
experiments it may be desirable to prevent unfolding.  For example using native ligands 
or chemicals to stabilize protein structure (similar to how low concentrations SDS 
stabilizes BSA during thermal denaturation[39]) may prove critical  to future experiments 
where structure needs to be maintained for either sensing protein biomarkers or protein 
binding in which the functional form would need to be maintained.   
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Figure A.5.  (a) Scatter plot of BSA translocation data with and without urea using 
applied voltages of 300 mV (n=880 and n=1973, respectively) and 800 mV (n=1171 and 
n=300, respectively).  (b and c) Probability density functions for the current drop 
parameter obtained for BSA with and without 8 M urea using an applied voltage of (a) 
300 mV and (b) 800 mV.  KCl concentration: 2 M, pH: 7 (10 mM potassium phosphate 
buffer), nanopore diameter: 10 nm.   
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Excluded Volumes 
Based on the original work by Deblois and Bean[40], the following equation is 
used to estimate the excluded volume of a particle travelling through a pore[20]: 
Excluded	Volume ≅ 	 ∆ூ್൫ு೐೑೑൯
మ
ఙ௏                               (2) 
where ΔIb is the current drop value, Heff is the pore length,  σis the electrolyte 
conductivity, and V is the voltage.  If this equation is applied to the folded form of BSA, 
whose structure and size is well documented, the parameter which is least confidently 
known is Heff.  The membrane thickness and thus the approximate length of the pore is 50 
nm.  However other factors come into play such as the geometry of the pore and access 
resistance (resistance outside of the pore) which reduces our ability to accurately 
prescribe a number to Heff.  Therefore, translocation data for folded BSA was used to 
experimentally determine Heff and this value was then used to calculate the unknown 
excluded volume of unfolded BSA.  Table 1 shows the experimental parameters used in 
Eq. 1 and the resulting Heff values.  Instead of averaging the Heff values together, the Heff 
value was selected based on pore size since the validity of underlying assumptions 
depend on the size of the pore.   
For thermally denatured BSA, we concluded from our experiments that the 
population with the larger current drop corresponded to the refolded state of BSA.  By 
first using data for folded BSA and its known excluded volume (117 nm3: calculated 
using the volume of an ellipsoid), a pore length of 17.3 nm was found (Table 1).  By 
using this value again in Eq. 1, the unknown excluded volume of the refolded BSA 
molecule was calculated to be 166 nm3.  Although the pore length was seemingly low 
compared to the actual membrane thickness (50 nm), the pore geometry of TEM-drilled 
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pores have been described as an “hourglass” shape which would reduce the effective pore 
length[27].  Furthermore, in the present work we are only interested in the relative 
increase in the excluded volume which allows the pore length to be defined based on 
experimental data.  If such data were not available, a more thorough analysis would have 
to be performed to accurately define this value.  The pore length, calculated over larger 
pore sizes and voltages, yielded fairly consistent values between 17 and 17.5 nm (Table 
1).  Using Heff for a 10 nm pore at 300 mV (17nm), the excluded volume of urea-
denatured BSA was calculated to be 250 nm3 which is slightly more than double the size 
of its native conformation.  From a model based analysis of protein unfolding, we can 
expect that the exposed surface area of the protein also is approximately twice that of the 
native state[33].  Due to the increase in exposed surface area and charged residues, it is 
expected that the observed volume increase is partially due to solvation effects (i.e. 
increased volume of the hydration shell).  If the hydrodynamic radius obtained from DLS 
was used to estimate the excluded volume, assuming a sphere, the result would be a 
volume of 6125 nm3, which is likely a drastic over-estimation of the actual volume and is 
evidence for a non-spherical unfolded state.  
At the larger applied voltage, the calculation of excluded volume is slightly more 
complicated since multiple peaks were observed.  For the three main peaks in the current 
drop parameter (7.9 pA, 6.2 nA, 5.4 nA), the corresponding excluded volumes (in nm3) 
were 151, 119 and104.  Interestingly, similar peaks were seen without urea which 
suggests some common feature in the structure.  One potential explanation is that the 
electric field was strong enough to nearly completely unfold the protein into an extended 
conformation, making the effects of urea very small inside the pore.  If the protein 
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conformation were fully extended, it would also block a smaller cross section of the pore 
causing the smaller than expected excluded volumes (compared to the urea-denatured 
state).   
A comparison of these excluded volumes to other published data is unfortunately 
not possible for a number of reasons.  First, we are not aware of any technique which 
measures the excluded volume of unfolded proteins.  Second, it is extremely difficult to 
replicate the experimental conditions which exist inside a nanopore, particularly the 
electric field.  Lastly, bulk measurements such as DLS require much higher 
concentrations which, when thermally denatured, cause rapid aggregation of BSA and 
prevents accurate measurement of individual protein molecules.  However, by measuring 
the amount of ionic current being blocked by a single protein molecule, we directly 
obtain single molecule excluded volumes.  Nanopores may be a useful alternative to DLS 
and have the additional benefits of requiring lower concentrations and can overcome 
aggregation related problems which hinder accurate excluded volume measurement of 
certain proteins.   
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Table A1. (a) Based on the excluded volume equation and BSA translocation data, the 
effective pore length (nm) was calculated (rightmost column) using the known excluded 
volume of folded BSA (117 nm3).  (b) Using the experimentally determined pore lengths, 
the excluded volumes of refolded BSA, urea-denatured BSA, and various forms of BSA 
in an electric field were calculated (rightmost column).  Excluded volumes are pH and 
KCl concentration dependent and are therefore specific to our experimental conditions 
(pH 11.2, KCl/NaOH buffer, 1.5 M KCl for the refolded protein state and pH 7, 
potassium phosphate buffer, 2M KCl for the urea and electric field denatured protein 
states).   
 
 
Summary 
In this study we have investigated BSA under varying denaturing conditions using 
nanopores in order to broaden the scope of protein studies in the nanopore field.  
Moreover, we have shown how nanopores can be used to gain a fundamental 
understanding of how experimental parameters such as fluidic environment and applied 
voltage affect the molecules we are trying to observe and study.  Finally, we calculated 
the excluded volumes of various conformational states of BSA including the thermally 
denatured and subsequently refolded state, the urea-denatured state, and multiple 
denatured conformations of BSA in the presence of an electric field (with and without 
urea).   
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Appendix B: SEM-Induced Shrinking Kinetics of FIB-drilled Pores 
Introduction 
Over the past decade, nanometer sized pores in insulating membranes have 
received considerable attention as platforms for single molecule detection and analysis [1, 
2].  Though most of these setups make use of protein ion channels (e.g., Staphylococcus 
aureus α-hemolysin) suspended in a planar lipid bilayer, solid-state nanopores fabricated 
in silicon based, free standing thin films have emerged as promising alternatives due to 
advantages such as mechanical robustness, tunable diameters, and potentially greater 
stability under wider ranges of pH, temperature, and salinity.  However, efficiently and 
reproducibly fabricating solid-state pores of desired sizes with low tolerances is still 
challenging. 
Several groups used beams of accelerated electrons or ions (e.g., transmission 
electron microscope or a focused argon ion beam) to fabricate pores in ultra-thin, free-
standing, membranes [3-5].  It was also shown that the nanopore diameter can be either 
decreased or enlarged with a TEM [3, 4].  The ability to change the pore diameter was 
attributed to transient softening of the ultra-thin film and the subsequent surface tension 
driven deformation of the pore to minimize its surface free energy and depended on the 
original pore diameter and film thickness [3].  For a membrane of a given thickness pores 
below a certain critical diameter would shrink while larger pores would expand. More 
recently, it was shown that pore diameters can be decreased with low energy electrons 
from a scanning electron microscope [6-9], but the mechanism is not well understood.  
Some attribute the pore shrinkage to membrane softening [7, 8], while others suggest that 
it is caused by electron beam-induced deposition of hydrocarbon contaminants present in 
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the SEM chamber [6, 9].  Further, there is little consensus over the reproducibility of the 
shrinking process and the influence of beam parameters such as the accelerating voltage. 
This lack of information limits the control of pore formation.  Moreover, the ability to 
detect single molecules with these pores has not been shown.  Here, we investigate the 
SEM-induced shrinking of nanopores, characterize geometry and elemental composition 
of the pores, and demonstrate the ability of the pores to detect single molecules of double 
stranded λ DNA. 
Material and Methods 
Nanopore fabrication and shrinking  
The pores used in the current work are drilled in amorphous, free-standing, 50 nm 
thick, low-stress silicon nitride membranes by focused ion beam milling.  The 
membranes were fabricated by first depositing a 50 nm thick layer of silicon nitride on a 
340 µm thick silicon wafer by low pressure chemical vapor deposition (LPCVD) at 
825 °C, using ammonia and dichlorosilane in a flow ratio of 1:5.  The silicon nitride thus 
formed has a tensile stress in the range of 50 to 150 MPa.  Subsequently, 
photolithography, deep reactive ion etching (DRIE) and KOH wet etching were used to 
create 50 nm thick, 50 × 50 µm2 free-standing silicon nitride membranes atop a silicon 
support structure.  Nanopores were fabricated in these membranes using a beam of 
gallium ions accelerated at 30 kV in a FEI Strata DB235 focused ion beam, through a 
10 pA aperture. Under these conditions, by adjusting the drill time it is possible to 
reproducibly fabricate round pores with diameters ranging from 50 nm to > 400 nm.  
Pores thus fabricated were shrunk under the electron beam of a Zeiss Supra 50VP field 
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emission scanning electron microscope at various accelerating voltages and 
magnifications.  The elemental composition and morphology of the shrunk walls of the 
nanopores were further studied by TEM tomography and EDX analysis using a JEOL 
JEM2100 transmission electron microscope operating at an accelerating voltage of 
200 kV.  
Experimental Setup 
For single molecule detection, the nanopore containing chip was cleaned with 
piranha solution (H2SO4 and H2O2 in a ratio of 7:4 volume/volume) for 15 minutes and 
housed in a custom built polycarbonate flow cell with PDMS gaskets as shown in Figure 
B.1. Channels were cut in these gaskets to form the electrolytic half cells and Ag/AgCl 
electrodes, prepared by placing silver wires in bleach overnight, were used to connect the 
flow cell to the head stage of a patch clamp amplifier (Axopatch 200B, Molecular 
Devices Inc.).  A solution of 1 M KCl and 10 mM Tris buffer was prepared in filtered, 
deionized water and used as the electrolyte. Also, a sample of 48.5 kbp λ DNA was 
diluted from stock to 50 nM in the electrolyte solution and used as the analyte because 
the detection of λ DNA with solid state pores has been well documented [10]. 
 
 
 
172 
 
 
Figure B.1. A schematic of the polycarbonate flow cell used to house the nanopore chip. 
 
Results and Discussion 
Nanopore shrinking kinetics 
 
Figure B.2. TEM images of three 115 nm diameter pores fabricated by FIB milling and 
shrunk by imaging under the SEM at an accelerating voltage of 1 kV and a magnification 
of 100,000 × (scan area of 1.135 µm × 0.86 µm) for (a) 0, (b) 5 and (c) 10 seconds. The 
scale bar in each figure is 20 nm.  
 
We found that, regardless of initial size, the nanopore diameter decreased when 
imaged in the SEM at accelerating voltages ranging from 10 kV to 0.5 kV and at 
magnifications of 10,000 × (scan area of 11 µm × 8 µm) and upwards. Figure B.2 (a-c) 
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depicts TEM images of three 115 nm diameter pores that were shrunk by imaging at 1 kV 
and a magnification of 100,000 × (scan area of 1.135 µm × 0.86 µm) for 0, 5 and 10 
seconds.  From these images it is apparent that as the pores are imaged under the SEM a 
distinct layer, herein referred to as the shrinkage layer, forms along their circumference 
and develops inwards.  The layer appears to be amorphous and judging from the contrast, 
has a different thickness and density than the bulk membrane. It was also found that the 
layer grows uniformly from the entire circumference of the pore. In this manner it is 
possible to shrink the pores to less than 10 nm in diameter and even close them 
completely. The diameter of the pores decreases linearly with time and the rate of 
shrinkage is constant and reproducible under fixed conditions (Figure B.3). 
Effect of accelerating voltage 
To understand the shrinking process, several pores were shrunk under different 
conditions (Figure B.3 a, b, and e).  As shown in Figure B.3 (a and b), the rate of 
shrinkage is maximized at 1 kV and decreases with increasing accelerating voltage up to 
10 kV, beyond which negligible shrinkage was observed.  The shrinkage rate also 
decreases as the accelerating voltage is decreased from 1 kV to 0.05 kV.  Due to the loss 
of imaging resolution, the shrinkage rate could not be measured accurately at lower 
accelerating voltages.  In all of the above cases, the pores were shrunk by imaging at a 
magnification of 150,000 ×, such that the total area scanned was 0.759 µm × 0.571 µm.  
The relation between the shrinkage rate and accelerating voltage can be determined by 
considering the interaction of the primary electrons with the ultra-thin silicon nitride 
membrane [11]. When accelerated electrons impinge on a substrate they undergo either 
elastic or inelastic collisions with the substrate’s atoms. While there is negligible transfer 
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of energy in case of elastic collisions, inelastic collisions, which are more probable for 
low atomic number substrates, lead to energy transfer from the electrons to the substrate 
[12].  This decreases the kinetic energy of the electrons and hence their penetration depth 
into the substrate.  The total energy absorbed by the membrane [11] is ܧ஺ ൌ ܧை െ
ߟ்ܧ் െ ߟ஻ܧ஻, where ܧை	, ܧ் and ܧ஻ are the energies of the primary, transmitted and back 
scattered electrons respectively, ߟ்  is the fraction of electrons transmitted through the 
membrane and ߟ஻ is the fraction electrons backscattered.  Monte Carlo simulations were 
performed using CASINO modeling software [13] to determine the transmission and 
backscattering efficiencies (Figure B.3 c) in a 50 nm thick silicon nitride membrane as 
well as the penetration depth of the electrons (Figure B.3 d) within a silicon nitride 
substrate, at various accelerating voltages.  The simulations show that although 
ߟ஻ decreases slightly with increasing accelerating voltage, it remains relatively low 
throughout the range of simulated voltages.  On the other hand, at accelerating voltages 
below 1 kV, the depth of electron penetration into the substrate is less than the thickness 
of the membrane and hence ߟ் is negligible and as a result, most of the energy of the 
primary electrons is dissipated within the membrane.  However as the accelerating 
voltage is increased, the electron penetration depth increases beyond the thickness of the 
membrane and hence ߟ் rises rapidly.  As a result, at higher accelerating voltages, less 
energy is absorbed by the membrane. Thus, the peak in the rate of shrinkage at 1 kV is a 
result of the optimum absorption of electron energy by the 50 nm thick silicon nitride 
membranes and for a membrane of a different thickness the optimal shrinkage rate shall 
be achieved at an accelerating voltage where the electron penetration depth is equal to or 
slightly less than the thickness of that membrane. 
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This was confirmed by comparing the shrinkage rate of pores fabricated in 
200 nm thick membranes with those of pores fabricated in 50 nm thick membranes.  
Because the penetration depth of 5 kV electrons into the substrate is < 200 nm, ߟ் 
remains negligible for these membranes and the total energy absorbed for 200 nm thick 
membranes is much greater than that for 50 nm thick membranes.  This increases the 
shrinkage rate from 0.1 nm/s for a 50 nm membrane to 0.65 nm/s for a 200 nm membrane 
as shown in Figure B.3 (f). 
Effect of imaging magnification 
The shrinkage rate also increases in proportion to the magnification (Figure B.2 
e).  The pores were shrunk at 1 kV and at magnifications ranging from 10,000 × (scan 
area of 11.42 µm × 8.56 µm) to 150,000 × (scan area of 0.76 µm × 0.57 µm).  Negligible 
shrinkage was observed below magnifications of 10,000 × and sample drift and charging 
prevented reliable measurements above 150,000 ×.  The linear dependence of the rate of 
shrinkage on the magnification is most likely caused by an increase in the electron flux, 
because at higher magnifications the beam diameter and imaged area decrease 
progressively while the beam current remains constant.  The current at 1 kV, measured 
using a Faraday cup, is 190 pA and the increase in electron flux with magnification 
corresponds to the increase in the rate of shrinkage (Figure B.3 e inset).  
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Figure B.3. The dependence of pore shrinkage rate on the accelerating voltage and the 
imaging magnification. (a) The nanopore diameter decreases linearly with time and the 
rate of shrinkage remains constant throughout the process.  The squares, circles and 
triangle depict pore diameters while shrinking at 1 kV, 5 kV and 10 kV respectively. (b) 
The shrinkage rate varies with accelerating voltage and is greatest at 1 kV.  Monte Carlo 
simulations were performed using CASINO to determine (c) the fraction of electrons 
transmitted through and backscattered by a 50 nm thick silicon nitride membrane and (d) 
the average penetration depth of the electrons within a silicon nitride substrate at various 
accelerating voltages. (e) The rate of shrinkage was also found to increase with increasing 
magnification due to an increase in electron flux as shown in the inset. (f) The shrinkage 
rate also depends on the thickness of the membrane. The shrinkage rate, at 5 kV, for a 
pore in a 200 nm thick membrane (depicted by diamonds) is 0.65 nm/s while that for a 
pore in 50 nm thick membranes (depicted by circles) is 0.1 nm/s.     
 
Based on these observations, the shrinkage rate can be empirically related to the 
accelerating voltage and the magnification as  ௗ௥ௗ௧ ∝ ሾሺ׬ ܧ஺ሺܸ, ݖሻ݀ݖሻ
்
଴ ݆ሺܯ, ߬ሻሿ where ݎ is 
the pore radius, ܶ is the membrane thickness, ܯ and  are the magnification and scan 
time per frame which determine the electron flux ݆ and ܸ is the accelerating voltage that 
governs the amount of energy ܧ஺ deposited per unit depth ݖ per electron [11]. 
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Nanopore shrinking mechanism 
The above analysis reveals a strong correlation between the rate of shrinkage and 
the amount of energy deposited within the membrane.  TEM tomography was used to 
further study the growth of the shrinkage layer and to determine the internal profile of the 
pore [4, 14].   Pores were fabricated in commercially available 500 µm × 500 µm, 50 nm 
thick Dura SiN membranes (Electron Microscopy Sciences) and shrunk by imaging at 
1 kV and 100,000 × magnification for different amounts of time.  The rate of shrinkage in 
these membranes was similar to our original membranes and the larger area allowed the 
pore to be imaged over a greater range of tilt angles thus providing better resolution in the 
final tomogram.
 
Figure B.4. Profiles of three 120 nm diameter pores shrunk for (a) 0, (b) 1 and (c) 
10 seconds respectively.  Cross sections of the corresponding tomograms are depicted in 
(d-f).  The scale bars are 50 nm in length. 
 
Figures B.4 (a-c) depict the internal profile of three 120 nm diameter pores shrunk 
for 0, 1 and 10 seconds respectively while Figures B.4 (d-f) depict cross sections of their 
corresponding tomograms.  The tomograms are aligned such that in each case the pores 
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were drilled and shrunk from the top surface.  The inverted hourglass shape of the walls 
of nanopore, as seen in Figures B.3 (a and d), are a result of the ion beam’s Gaussian 
profile [15] and the lateral diffusion of ions during the drilling process.  Figures B.4 (b, c, 
e and f) show that as the shrinkage initiates, the shrinkage layer first develops on the top 
surface and subsequently grows along the walls of the pore.  This layer is distinct from 
the substrate and the original walls of the pore are still visible in all the shrunk pores.  As 
the shrinkage progresses, the layer continues to grow from the walls of the pore finally 
meeting at the center.  It is interesting to note that the thickness of the region around the 
pore remains the same after shrinkage.  Further, Energy-dispersive X-ray spectroscopy 
(EDX) analysis shows that while the bulk of the membrane primarily consists of silicon 
and nitrogen with trace amounts of carbon and oxygen, the shrinkage layer contains 
almost no nitrogen and significantly greater levels of carbon and oxygen with little 
change in the silicon content. While this might suggest that hydrocarbon contaminants 
are the cause of pore shrinkage, the EDX analysis was repeated after first treating the 
pores with boiling piranha solution (H2SO4 and H2O2 in a ratio of 7:4 volume/volume) for 
15 minutes and then subjecting it to oxygen plasma (6.8 W, 101.6 kPa) for 10 minutes 
and no change was observed in the shrinkage layer and the EDX spectrum as seen in 
Figures B.5 (a and b). 
If the shrinkage layer consisted solely of hydrocarbon contaminants adsorbed on 
the walls of the pore, one would expect the shrinkage layer to be destroyed by the oxygen 
plasma treatment.  Moreover, electron beam induced deposition is usually a three-stage 
process consisting of a slow nucleation phase, a fast growth phase and an eventual 
saturation phase [16, 17].  However, the rate of shrinkage remains constant throughout 
179 
 
the process even for pores as large as 400 nm in diameter.  Finally, one would expect 
hydrocarbon deposition to occur uniformly all over the scanned area, but Figures B.4 (b 
and c) show negligible change in the membrane thickness after pore shrinking. Thus, the 
shrinking phenomenon cannot be explained by hydrocarbon contaminants. To understand 
the mechanism of shrinkage a 5 × 5 array of 150 nm pores was fabricated, such that the 
distance between the centers of adjacent pores was 1 µm, and shrunk simultaneously at 
1 kV and 20,000 × magnification.  During shrinkage, the pores competed for shrinkage 
material and the pores in the corners, that had the greatest access to it, shrank the fastest 
while the ones towards the center shrank progressively slower. Figure B.5 (c) depicts the 
array midway through the shrinking process, with the shrinkage layers colored for clarity.  
We also observed that the differences in rate of shrinkage were dependent on the distance 
between the pores, with greater differences observed when the pores were drilled closer 
together (not shown).  These results are similar to that reported by Mitsui et al. for ion 
beam nanopore sculpting [18]. In that study, the pore shrinkage was attributed to the 
creation of mobile species, referred to as adatoms, on the substrate by the ion beam and 
the subsequent diffusion of these adatoms towards the walls of the pore. We believe that 
in our case, the shrinkage similarly occurs as a result of energy dependent material flow 
along the surface of the membrane.  However, further work is needed to elucidate the 
precise mechanism of shrinkage and account for the elemental composition of the 
shrinkage layer. 
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Figure B.5. The EDX spectrum of the (a) bulk membrane and (b) shrinkage layer are 
shown before and after piranha and oxygen plasma treatment.  (c) A 5 × 5 array of 
150 nm pores shrunk simultaneously shows non-uniform shrinkage. The pores at the 
corners shrink the fastest while those closer to the center shrink progressively slower. The 
shrinkage layers are colored for clarity. The scale bar is 1 µm.  
 
Conductance of the nanopore setup 
In order to demonstrate the efficiency of our SEM shrunk pores for single 
molecule detection and analysis, a 150 nm diameter pore was first fabricated and shrunk 
down to 15 nm by imaging at 1 kV and a magnification of 150,000 ×. The pore was first 
characterized in terms of its conductance by recording the average current across it at 
voltages ranging from -150 mV to 150 mV in steps of 10 mV. As shown in Figure B.6 
the I-V curve is linear in this voltage range and the conductance of the pore was constant 
at 0.228 µS. As per Figure B.4 (c) the internal profile of the pore can be described by a 
hyperbola whose major axis is perpendicular to the pore’s axis. The vertices of such a 
hyperbola are ሺേܴ௠௜௡, 0ሻ, where ܴ௠௜௡ is the minimum radius of the pore, measured by 
the TEM. Also, if the maximum radius of the original pore is ܴ଴,௠௔௫ and the thickness of 
181 
 
the shrinkage layer is ∆ܴ, the points  ቀേܴ௠௔௫, േ ்ଶቁ would also lie on the hyperbola, 
such that ܴ௠௔௫ ൌ ܴ଴,௠௔௫ െ ∆ܴ is the maximum radius of the shrunk pore and ܶ is the 
thickness of the membrane. The equation of such a hyperbola would then be ௥
మ
ோ೘೔೙మ
െ ௧మ௕మ ൌ
1, where ܾ ൌ ඨ ோ೘೔೙
మ ቀ೅మቁ
మ
ோ೘ೌೣమ ିோ೘೔೙మ
. Consequently, the conductance of the pore is given by ൌ ଵΩ , 
where ߗ ൌ ଶఘగோ೘೔೙మ ׬
ௗ௧
ቌଵା ೟మ
ቀ್మቁ
మቍ
೅
మ଴ ൌ
ଶఘ௕ ୲ୟ୬షభቀ ೅మ್ቁ
గோ೘೔೙మ
, where ߩ is the resistivity of the electrolyte. 
Given a resistivity of 9.5 Ω-cm for 1 M KCl, the theoretical conductance of a 150 nm 
diameter pore shrunk down to 15 nm is 0.22 µS which is close to the value obtained 
experimentally. 
 
Figure B.6. IV curve for the 15 nm diameter pore in 1 M KCl and 10 mM TRIS buffer. In 
the voltage range from -150 mV to 150 mV, the pore behaves like a linear resistor and the 
conductance of the pore is 0.228 µS.  
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Conclusion 
In conclusion, we have investigated the SEM induced shrinking of solid-state 
nanopores and found that it cannot be accounted for by electron beam induced deposition 
of hydrocarbon contaminants alone. We found a strong correlation between the amount 
of energy deposited within the membrane and the rate of shrinkage of the nanopores and 
that, for a thin membrane with a fixed thickness, the optimal shrinkage rate is achieved at 
an accelerating voltage where the penetration depth of the primary electrons is equal to or 
slightly less than the thickness of the membrane. The shrinkage layer was found to be 
different from the bulk of the membrane in terms of its elemental composition and 
shrinkage is believed to occur as a result of material flow along the surface of the 
membrane.  Pores thus fabricated were then used successfully to detect λ DNA with 
single molecule resolution. Hence, this technique can be used to rapidly fabricate 
nanopores, in a variety of sizes, for single molecule detection and analysis. Moreover the 
internal profile of the pores, obtained by TEM tomography, will help refine simulations 
of the electric field and the nanofluidic environment around the pore [19] and provide a 
better understanding of how analytes translocate across it. Also, the difference between 
the elemental composition of the shrunk pores and the bulk membranes could allow 
preferential chemical modification of the walls of the nanopore for specific applications.  
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 Appendix C: Fabrication of Graphene Pores with Graphitic Polyhedral 
Edges 
Introduction 
Using an electric field to drive molecules through a nanoscale pore for bio-
analytical analysis has become a widely used method to study single molecule kinetics 
and behavior [1-5].  The proposed utility of nanopore-based devices range from 
commercial applications, such as ultra-fast DNA sequencing [2, 6] and protein molecular 
recognition [7, 8], to answering fundamental questions regarding single molecule 
biophysics [1, 9, 10].  Majority of experiments drive molecules through an ultra-thin 
membrane containing a single pore allowing one to detect a transient decrease in the flow 
of ionic current, and therefore an increase in electrical resistance [6].  Traditionally, solid-
state pores are fabricated within silicon nitride thin films typically between 20-50 nm [1, 
11-13], while electron beam lithography has been shown to thin regions of the membrane 
to even lower membrane thicknesses reaching sub-10 nm and thereby enhancing the 
resolution of nanopore sensing [14].  To achieve even thinner membranes, graphene has 
been proposed to be an ideal candidate for next generation nanopore devices [15-17].   
Graphene is defined as a single atomic layer of sp2-bonded carbon atoms and is 
the fundamental structural element of many interesting nanostructures; namely carbon 
nanotubes, fullerenes, and nanoribbons.  Additional novel structures have been created 
that combine the unique electrical and mechanical properties of graphene with other thin 
film structures such as cantilevers [18], nanoelectrodes [19], and nanopores [15-17].  For 
this purpose, single-layer and few-layer suspended graphene sheets have been of great 
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interest and fabricated using a focused electron beam [15-17, 20].  The inherent 
advantage of using an electron beam sculpting technique is that both fabrication and 
imaging can be performed in the same instrument allowing visual feedback of device 
progression.  Although sculpting conditions (>140 kV) can introduce defects and cause 
amorphization of graphene [20, 21], methods such as annealing, current-induced 
graphitization, or low-energy electron beam irradiation can reverse the process causing 
amorphous carbon to return to single or poly crystalline graphene [22-25].  Here we 
observe that drilling with low beam intensities in multi-layer graphene preserves the 
graphene crystal structure, and, further, electron beam conditions can be used to create 
novel graphitic structures around the edge of the nanopore.     
 The dominant instrument utilized for electron beam sculpting, particularly for 
nanopore fabrication, is a 200 kV field emission transmission electron microscope (TEM) 
whose field emission source provides the highest flux of electrons [26, 27].  Thermionic 
sources have failed to drill in silicon nitride membranes, the most commonly used thin 
film, due to lower electron beam densities of the convergent beam.  However due to the 
thin nature of graphene, we explored the use of a thermionic source (lanthium 
hexaboride) in order to expose graphene to lower doses of electrons.  Experiments were 
performed within a JEOL JEM 2100 TEM operated at 200 kV (with varying beam 
intensities) which was used to both sculpt and image graphene grown by chemical vapor 
deposition (CVD) method.  The first reports of graphene nanopore drilling using an 
electron beam used field emission sources without using beam intensity to manipulate 
pore diameter.  With the lower beam currents offered by the thermionic source, we aimed 
to characterize drill times to create reproducible pore sizes and minimize membrane 
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damage, develop graphitic structures around the pore edge, and characterize the thickness 
and geometry of the pore using TEM tomography.   
 Despite offering several advantages to next-generation DNA sequencing which 
requires single stranded DNA as its primary analyte, previous reports have focused on 
proof-of-concept experiments using double stranded DNA [15-17].  The first proposed 
advantage of graphene over silicon nitride pores is its atomically thin structure allowing 
ultra-high resolution sensing.  Secondly, the graphene can be used as an electrically 
active material which can manipulate DNA movement or even measure the transverse 
conductance of each DNA base via tunneling [15].  Here we report on the fabrication of 
multi-layer graphitic structures which are capable of offering new and highly 
advantageous properties to graphene nanopores.  Since multilayer graphene structures 
can be tuned electrically[28] and geometrically[29] using its layers as a design parameter, 
graphene as a starting material is highly robust for single molecule sensing.  To test the 
utility of the nanopores, DNA-pore interactions were studied using double stranded DNA 
and short single stranded DNA fragment 25 nucleotides in length.  Through the detection 
of these short DNA fragments, we suggest that having a graphitic edge with a curved, yet 
planar, surface facing the inside of the pore is useful to future DNA sensing applications.    
Experimental Methods 
Fabrication 
The majority of drilling kinetics, as well as tomography, were performed by transferring 
graphene to a holey carbon TEM grid.  Almost all holes in the holey carbon had a 
suspended sheet of graphene allowing drilling to be performed repeatedly on the same 
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TEM sample.  In order to make nanopores capable of electrochemical studies, graphene 
was transferred to various sized silicon nitride pores ranging in size from 200-1500 nm in 
diameter.  Silicon nitride nanopores were drilled in a 50 nm thick free-standing silicon 
nitride membrane which was supported on all sides by a silicon chip (5.5×5.5 mm2).  
Fabrication of this membrane consisted of first depositing a layer of low-stress silicon 
nitride on a silicon wafer using low pressure chemical vapor deposition (LPCVD) 
followed by photolithography, deep reactive ion etching (DRIE) and KOH etching to 
form a 50×50 μm2 square membrane. Pores were then drilled using a focused ion beam 
(FIB, FEI Strata DB235).  The TEM used for all drilling experiments was a JEOL JEM 
2100 equipped with a LaB6 electron source. 
 We used a graphene transfer process similar to those reported by Garaj et al.[15]  
Briefly, graphene was grown by CVD on a copper substrate followed by spin coating a 
polymer (PMMA) on the surface [15].  The copper substrate was then etched using ferric 
chloride thereby releasing the graphene.  A new support (silicon nitride chip or carbon 
grid) was then used to scoop up the floating graphene/PMMA.  PMMA was then 
removed using thorough solvent washes including a 30 minutes soak in heated acetone.   
Tomography 
Tomography was performed using a high tilt tomography holder capable of -60 to 
60 degree tilting.  The tilt series was accomplished using SerialEM, and reconstructed 
using IMOD and Chimera. 
Single channel recordings 
Pore characterization and event recording were accomplished by placing the 
nanopore between two electrolytic half cells filled with buffered potassium chloride (2M, 
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10 mM potassium phosphate buffer).  The nanopore chip was held in place using a 
custom built polycarbonate flow cell with PDMS gaskets to assure that the only path of 
ionic current is through the nanopore.  Electrodes (Ag/AgCl) were placed in both 
chambers and connected to the headstage of a patch clamp amplifier (Axopatch 200B, 
Molecular Devices Inc.) which allowed the ionic current to be measured at various 
applied voltages. Signals were recorded at 250 kHz with a low-pass Bessel filter of 2, 5, 
and 10 kHz.  λ-DNA (48.5 kb) was added at a concentration of 5 nM to the cis chamber 
of the flow cell which led to transient decreases in current corresponding to the 
translocation of individual DNA molecules.  Primer DNA (single stranded with the 
following sequence: CCCTGCGTGAAGGCCACCCCCCTGT) was also translocated 
through the pore following the same procedure but at a range of voltages.   
Results and Discussion 
Graphene Nanopores with Graphitic Edges: Fabrication and Characterization. 
The current densities of the convergent beam were controlled by spot settings 
alone and were varied within the range of 105-107 electrons/nm2s which led to very 
different sculpting kinetics.  Imaging with a less convergent beam was performed at 104-
105 electrons/nm2s leading to no obvious change in the appearance or physical properties 
of sculpted structures allowing one to stop drilling, image and continue drilling as 
necessary.  The drilling was done in areas with single crystalline properties as measured 
by the diffraction pattern.   By reducing the electron beam intensity, a slower rate of 
nanopore growth can be achieved allowing fine-tuning of the nanopore size (Figure C.1).  
Assuming graphene is present, this method led to 100% yield rate for nanopores ranging 
from 1-140 nm in diameter.  The use of different beam intensities was incredibly 
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important in this study as we observed that each spot mode was ideal for fabricating a 
different range of nanopores.  The highest beam intensity, which is most similar to the 
current densities used in previous studies (107 electrons/nm2s) [26], was least ideal for 
creating pores smaller or greater than its beam size and led to peripheral holes around the 
main nanopore and/or jagged edges as mentioned by others [30, 31].  Qualitatively, 6×105 
and 2×105 electrons/nm2s produced optimal pores with no damage to the surrounding 
graphene membrane while 6.8×106 and 2×106 electrons/nm2s only rarely produced 
noticeable damage.  TEM diffraction patterns were collected before and after drilling as 
well as over the course of 10-20 minutes and led to stable diffraction patterns 
(Figure C.2c).  The seeming lack of susceptibility of multilayer graphene to become 
amorphous carbon under electron beam irradiation is believed to be due to the lower 
atomic mobility of atoms when several graphene sheets are present to confine and 
minimize dislocations, particularly at lower electron beam densities [32, 33]. 
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Figure C.1.  Drilling and shrinking kinetics of graphene nanopores using various beam 
intensities.  (a) Pore kinetics as a function of beam residence time, or drill time (s) for 5 
different beam intensities.  (b) TEM images of initial pore formation using 5 different 
beam intensities resulting in varying degrees of edge damage around the pore.   
 
Electron beam induced deposition (EBID) of amorphous carbon onto graphene is 
commonly reported to be detrimental to nanopore fabrication due to the loss pristine 
graphene however evidence for diminished sensing ability or thickness variation of the 
membrane has not been thoroughly investigated [20, 31].  Here, EBID was not observed 
with 4 out of the 5 beam intensities and was verified by a long term drilling study in 
which the beam was focused to a spot for over 15 minutes (Figure C.4).  Most of the 
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nanopore drilling kinetics produced well behaved logarithmic growth described by 
Dp=AIbeam ln(tdrill)-C, where Dp is the pore diameter, I is the electron beam current 
density, and A and C are constants (Figure C.1a, gray dashed lines).  At a beam intensity 
of 6.2×105 electrons/nm2s, shrinking of the pore via EBID was observed at a rate of 7.5 
nm/min in which amorphous carbon is drawn towards the beam allowing nanopores to be 
reproducibly formed with diameters of 1-25 nm.  If desirable, it is possible to turn this 
material into crystalline material by employing graphene-promoting atomic re-
arrangement (i.e. graphitization).  This  has been reported by low energy electron 
irradiation (<80 kV) or by annealing [25, 34]. 
Through the parameterization of the spot setting in the transmission electron 
microscope (TEM), we observed differing drilling kinetics with respect to the formation 
of secondary holes, edge defects, as well as the size range of the initial pore.  This can be 
observed by the images in Figure C.1b wherein spot modes 1 and 2 created secondary 
holes around the main, larger nanopore.  At spot modes 3-5 (lower electron beam 
densities), secondary holes were not observed.  In addition, smaller pores could be 
created more reproducibly at the higher spot modes.  These observations are imperative 
to the drilling of reproducible nanopores since secondary holes and limited ability to drill 
small pores can hinder the sensing of DNA via the ionic current blockade technique.   
Interestingly at 6.2×105 electrons/nm2s irradiation of the amorphous carbon 
shrinkage layer produced a structure known as graphitic polyhedral crystals (GPC); 
composed curved graphitic connections between layers (Figure C.2b) [29, 35-37].  These 
structures can be easily discriminated from the rest of the membrane since the amorphous 
region is slightly darker in the TEM images and the GPC structures have a concentric 
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ring pattern (Figure C.2b).  The whole shrinkage layer does not turn into GPC, but 
instead only the regions of the shrunk pore that had direct contact with the beam 
(experiencing a current density of ~106 electrons/nm2s) which agrees with previous 
reports of graphitization by electron beam exposure [38]. Once the shrunk GPC pore is 
formed, it should be possible to graphitize the rest of the shrunk EBID layer by 
subsequent high temperature annealing in order to electrically connect the GPC to the 
surrounding graphene.  However, since the pore surface is the key functional element of 
the sensor for ionic current measurements of DNA, we investigated the potential 
beneficial properties of the GPC nanopore edge.  Based on the kinetic properties of 
electron beam sculpting, other structures were also fabricated including nanoribons, 
nanometer scale cantilevers (both from existing graphene and from EBID processes), 
three-pronged nanogaps which could serve as source-drain-gate, and nanopore arrays.   
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Figure C.2.  (a) A schematic illustrating the use of electron beam induced deposition 
(EBID) to cover the pore surface with amorphous carbon.  (b) A schematic illustrating 
the use of the TEM electron beam to induce a transformation from amorphous carbon to 
graphitic polyhedral crystals (GPC).  (c) Diffraction pattern of graphene irrespective of 
long term TEM imaging showing single crystalline structure.  Some areas displayed poly-
crystalline structure (Fig. C.7) but were avoided when drilling nanopores.  (d) Shrunk 
nanopore with graphite polyhedral crystal edges sculpted at 6.2×105 electrons/nm2s. 
Inset: close up of nanopore edge. Scale bar=5 nm.     
 
In order to better characterize graphene thickness (i.e. number of layers) and the 
graphene nanopore’s edge structure, we performed TEM tomography during various 
stages of drilling and shrinking at 6.2×105 electrons/nm2s; specifically after 20, 60, and 
240 seconds producing pores of 8 nm, 25 nm, and 14 nm, respectively (Figure C.3).  
Based on TEM tomography technique, we observed a thickness of the graphene-layers to 
195 
 
be between 6-9 nm.  With increasing beam exposure, the cross-sectional profile of the 
nanopore evolves over time.  The initial profile is a double-cone structure mimicking that 
of TEM-drilled silicon nitride nanopores [26].  As the pore enlarges, the edges become 
more rounded; this likely due to the fact that the beam loses intensity as you travel further 
away from the beam center.  Shrinking the pore produces an even rounder edge than the 
enlarged pore.  These edges also are likely due to the spherically shaped layers of the 
GPC.  The carbon growth and the formation of GPC were only observed laterally and no 
changes in the thickness of the membrane were observed.  It can be concluded that the 
shrunk GPC-transformed pore, given its different atomic structure, is physically  [35], 
electrically [39], and geometrically different when compared to the direct-beam 
fabrication method. 
Based on pure ionic current measurements, several groups have investigated the 
ability to detect DNA using graphene nanopores experimentally[15-17] and using 
molecular simulations [19, 40, 41].  However, due to the preferred use of single layer 
graphene for the above application, analysis on how the existence of multiple layers 
would affect the distribution of the electric field has not been investigated.  Using 
numerical methods, the electric field distribution of single compared to multilayer 
graphene was actually found to be almost identical for a 10 nm pore (Figure C.3d-e).  
Although the electric field generally becomes more focused with thinner membranes, we 
found that when the thickness of the pore (h) is smaller than the pore diameter (d), the 
effects of access resistance become more dominant.  The increased contribution of access 
resistance can be shown quantitatively using the resistance expressions		ܴ௣௢௥௘ ൌ ఘ௟గ௥మ and 
		ܴ௔௖௖௘௦௦ ൌ ఘగ௥ where ρ is the solution resistivity, l is the length of the pore, and r is the 
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radius of the pore.  Using an arbitrary pore diameter of 2 nm, a 50 nm thick membrane 
has access resistance that is only 3.0% of the total resistance whereas a membrane 
thickness of 0.3 nm yields a much larger access resistance contribution of 83.9%.  
Therefore the benefits of decreasing the membrane thickness become negated as the 
aspect ratio of the pore decreases.   
The length of the sensing zone of the pore is arguably measured by the 
peakedness of the electric field distribution along the axis of the pore.  The main 
contributing factors for peakedness are the membrane thickness (i.e. the length at which 
the electric field is nearly constant) and access resistance (i.e. the falloff rate from the 
maximum electric field strength to the negligible electric field strengths found in the bulk 
solution).  Using the statistical measure for peakedness (i.e. kurtosis), it was found that 
the most peaked electric field distribution occurred at a membrane thickness of 5-6 nm 
(15-20 graphene sheets) for a 10 nm pore (hoptimal=d/2).  Although the ideal pore diameter 
for sensing DNA is 2-3 nm, the ability to create such small pores is not an easy task and 
generally experiments are performed using much larger sized pores [15-17].  Since the 
number of layers, thickness and geometry of the graphene has such an imperative role in 
DNA-pore interactions and electric field distribution, multilayer graphene has promising 
applications to DNA sequencing and related analysis.  
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Figure C.3. (a) TEM image and tomogram of a pore drilled at 6.2×105 electrons/nm2s and 
20 second exposure time producing a pore ~8 nm in diameter. (b) A pore drilled at 
6.2×105 electrons/nm2s with an exposure time of 60 seconds producing a pore ~25 nm in 
diameter.  (c) A pore drilled at 6.2×105 electrons/nm2s with an exposure time of 240 
seconds producing a shrunk pore with a diameter of ~14 nm (shrunk from an initial 
diameter of ~40 nm).  Tomograms were obtained using a tilt series from -60 to +60 
degrees using the SerialEM Software.  (d) Electric field distribution along the axis of the 
pore with varying membrane thicknesses.  (e) Statistical measure of the peakedness of the 
electric field distribution for various membrane thicknesses.   
 
 As shown from the drilling kinetics graph (Figure C.1) electron beam-induced 
carbon deposition (EBID) was not observed within the time frame of nanopore drilling; 
except with spot mode 4.  In order to assure that the other spot modes did not induce 
EBID, we extended the residence time of the beam to over 16 minutes.  The results 
showed that, using spot 1, the pore kept growing at a rate of 8 nm/min and no evidence of 
amorphous carbon formation was observed.  Two curves are plotted for spot 1 in Figure 
C.4, but are overlapping, representing drilling on separate days and on different areas of 
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graphene.  Next, we extended the residence time in spot 3 mode and observed that after 
an initial growth, the pore did not grow at all past 300 seconds.  Some minor amorphous 
carbon was observed around the edges in spot 3 mode however significant shrinking of 
the overall diameter was minimal, if at all.  However pores initially formed using spot 1 
and spot 3, could subsequently be shrunk by EBID using the spot 4 setting.  In all of the 
cases where amorphous carbon was grown laterally to shrink the pore (in which the beam 
need not be in contact with the sample), as soon as the amorphous carbon was exposed to 
the beam, graphitic polyhedral crystals were formed around the pore’s edge (Figure C.5). 
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Figure C.4. Long drill times for select spot sizes (i.e. electron densities) and subsequent 
shrinking.  (a) Nanopore growth and shrinking with drill time (two red curves are present 
for spot 1 representing drilling on separate days on different samples).  (b) TEM images 
of various pores drilled in spot 1 mode, spot 4 mode, and lastly a pore initially drilled 
with spot 1, and shrunk down to 1.2 nm.   
 
Figure C.5.  A 5nm shrunk pore showing the changes in carbon appearance for multilayer 
graphene, amorphous carbon, and graphite polyhedral crystals.   
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Using asymmetric salt conditions (1 M KCl in cis chamber and 0.2 M KCl in the 
trans chamber), the reversal potential can be experimentally obtained and used to 
calculate the ion permeability ratio using: 
   
(C.1)
 
Using the reversal potential experimentally measured as shown in Figure C.6, we found 
that graphene is anion selective with a permeability ratio of 0.188.  This is in rough 
agreement with the ion permeability of carbon nanotubes[42] which have the same 
surface properties as graphene nanopores and have also been shown to be selective for  
Cl-. 
 
 
Figure C.6.  Current voltage responses for a graphene pore with unsymmetrical KCl 
concentrations (cis: 1 M KCl, trans: 0.2 M KCl).  The zero current crossing point 
indicates the reversal potential.   
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In the multilayer samples we observed by TEM (JEOL JEM 2100), there was 
some heterogeneity in the type of crystallinity (~60% being single crystal, ~30% poly 
crystalline with several discrete diffraction spots, and ~10% polycrystalline with clear 
rings) however diffraction patterns were stable over time and even after drilling various 
structures in the graphene.  In the case of the polycrystalline areas, we are unsure whether 
this represents each layer is polycrystalline or if each layer simply has a different 
orientation (Figure C.7).  Current speculation for the lack of amorphization in our 
observation under TEM is that the multiple layers of graphene prevent dislocated carbons 
from travelling away from that site and eventually get incorporated back into the lattice.   
Despite our main objective to characterize TEM drilling with smaller spot modes, 
we also did tomography on a region of graphene that was drilled with spot 1 mode 
(Figure C.8).  This pore was not round and in one area had a piece of graphene hanging 
from the edge of the pore.  Due to the slightly greater thickness of the graphene in this 
region, the signal to noise was very high and allowed for more zoomed out images of the 
tomogram which shows the relative thickness with respect to the supporting carbon grid.    
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Figure C.7. Diffraction patterns for various areas of the multilayer graphene.  Majority of 
the graphene layers were observed to be single crystal.  The poly-crystallinity may also 
stem from the multiple layer having slightly different orientations.   
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Figure C.8. Tomogram of a pore drilled in spot 1 mode.  Support structure seen in (a) and 
(c) is a holey carbon film.   
 
COMSOL Multiphysics was used to model the nanopore environment with an 
equal distance from the proximal membrane edge to the corresponding electrode in each 
chamber (Figure C.9).  This provided that the voltage drop due to the solution is constant 
and the only remaining voltage drop is due to the pore itself due to the pore’s resistance 
and its access resistance.  Boundary conditions were insulating and conductivity of media 
was given as the experimentally measured conductivity of 1 M KCl solution (~100 
mS/cm) however results are independent of this value.   
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Figure C.9.  Comparison between single and multilayer graphene and the effect on the 
distribution of the electric field in a biased fluidic environment (simulated in COMSOL 
Multiphysics).  (a) An exemplary geometry of the simulated environment wherein the 
pore has a rounded edge structure.  The thickness of the membrane was varied in order to 
determine the effect on the electric field.  An applied voltage of 200 mV was used in all 
simulations.  (b) Electric field distributions along the axis of the nanopore for various 
sized membrane thicknesses (assuming 0.3 nm per graphene layer).  (c) Statistical 
measure of how peaked the electric field distribution is, as measured by kurtosis.   
 
Detection of Long and Short DNA.   
Electrical measurements were performed by placing a nanopore chip containing a 
graphene pore in a solution of KCl and applying voltage within the range of -200 and 200 
mV.  We observed that above 300 mV in either direction would nearly always cause the 
graphene membrane to break causing a large increase in pore conductance.  The pores, 
particularly the graphite polyhedral crystal pores, showed linear behavior over this range 
of voltages as shown in Figure C.10a.   
The study of the interaction between graphene (both flat sheets and carbon 
nanotubes) with DNA bases has been of great interest recently due to the prospects of 
detecting DNA using graphene nanopores[15-17, 19, 40, 43] and carbon  nanotubes [44-
46].  Several reports have suggested DNA bases are stabilized by π-stacking on the 
surface of graphene and carbon nanotubes [40, 44, 45, 47, 48].  These studies have shown 
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that the interaction with the four types of nucleic acids is base dependent but nevertheless 
all DNA bases have been shown to interact significantly with the graphene surface [45].   
Due to the physisorption nature of the interaction the electronic properties of the base are 
not disturbed, allowing for applications in DNA-sequencing via transverse conductance 
measurements [15].  The most interesting aspect of these interactions lies with their 
effects on DNA translocation kinetics through the pore.  The work by Wells and 
colleagues[49] in particular have shown through Molecular Dynamics simulations that 
these interactions are critical to future DNA sequencing applications.  Namely, since the 
interaction energy seems to be strongest with the graphene surface and not the edge, the 
DNA strand is expected to translocate in single nucleotide steps where the bases make 
quick transitions from one side of the single layer graphene nanopore to the other and 
thereby limiting the actual time spent within the pore.  The second and perhaps most 
important aspect of these interactions is that the adhesion forces between exposed DNA 
bases and the graphene surface should reduce the translocation velocity of single stranded 
DNA as compared to double stranded DNA.  For a comprehensive study of double 
stranded DNA translocating through a graphene nanopore using Molecular Dynamics 
refer to work by Sathe and coworkers [41].  Both of these DNA-pore behaviors will be 
affected by the presence of GPC around the pore.  With GPC nanopores, the graphene 
edge is replaced by a surface more comparable to that of graphene (i.e. a slightly curved 
graphene surface).  It is therefore expected that nanopores with a GPC edge can be used 
to slow down DNA translocations thereby alleviating one of the main issues with DNA 
sequencing applications of nanopores [50].   
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DNA translocations were obtained with a nanopore having GPC-edges having a 
diameter of 5 nm.  The conductance of the pore was 31 nS at 2 M KCl (Figure C.10a) 
which is comparable to previous reports with multilayer pores at 1 M KCl (~13 nS) [17].  
DNA was introduced into one chamber of the flow cell producing transient drops in 
current corresponding to single DNA molecules.  First, λ-DNA (48.5 kb, 5 nM) was used 
to characterize the pore producing events with characteristic event properties; namely a 
uniform current drop and event durations described by an exponential (Figure C.10c).  
The mean current drop value obtained in these experiments was 332±62 pA as shown by 
the scatter plot in Figure C.10b.  Using a simple area of occlusion approximation given 
by ADNA/Ap, the expected current drop for a 5 nm pore should be 19.4% (2.2 nm2/5 nm2) 
whereas the experimental percent block was only 6.8% (332 pA/4900 pA).  The smaller 
than expected percent block was also found by others[16] and may be caused by the low 
aspect ratio of graphene pores causing the sensing zone of the pore to extend outside the 
immediate region of the pore. The peak event duration was found to be 710 μs (250 mV 
driving voltage) which is longer than that reported by two independent studies which 
obtained translocation times of ~200 μs (100 and 160 mV driving voltage) [15, 16].  
However the translocation time was not as long as that reported by Schneider et al.[17], 
which was 2.7 ms at an applied voltage of 200 mV.  The distribution of residence times 
was also reported to be Gaussian instead of the falling exponential function found here 
(and previously reported as indicating strong DNA-pore interactions[11]) leading us to 
speculate different translocation kinetics all together.    
To further investigate the benefit of DNA sensing and the dependence with single 
versus double stranded DNA, we also performed experiments with 25 nucleotide single 
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stranded DNA.  We observed that with silicon nitride nanopores there were fewer events 
and events that were detected were extremely short lived (<50 μs).  Also, the few number 
of events that were recorded had smaller than expected current drops (<1% conductance 
change from baseline) not consistent DNA suggesting attenuation of the events due to the 
low-pass filter.  Using the same recording settings, the GPC pore could detect events 
more efficiently and with a peak translocation time that is well within the capability of 
the recording system; particularly at the 100 mV driving voltage.  As expected, the 
current drop had a linear dependence with voltage and an exponential dependence for the 
event duration (Figure C.11c-d) as was previously shown with silicon nitride pores within 
the voltage regime we test [50, 51].  The smallest current drop value (94 ± 30 pA) was at 
100 mV and could still be measured and analyzed.  The linear increase in current drop is 
caused by higher current densities within the pore at higher voltages.  However as the 
current drop increases from 200 mV to 250 mV, the larger current change as well as the 
shorter duration of the events make the events attenuated by the filter (Figure C.11c).  
The current drop still increases between 200 and 250 mV however at 250 mV the current 
drop deviates from the linear relationship which exists at the lower voltages.      
Due to the energy barrier that exists at the entrance of the pore, translocation time 
follows an exponential dependence.  Other models have used a force balance between the 
electric force and the viscous drag across the whole molecule yielding an inverse 
relationship[50] however that was not the best fit for this data. It should be emphasized 
that the single stranded DNA traversed the pore even more slowly than the double 
stranded λ-DNA which is likely due to the bases interacting with the graphene surface.  
Due to contributions of access resistance of similar length-scale pores, the translocation 
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velocity was calculated using the corrected velocity equation used by Meller et al.[51]: 
vDNA=(LDNA + 0.35 Lpore)/tp where tp is the peak translocation time of the histograms 
shown in Figure C.11b.  It should be noted that the velocity of the 25 bp DNA fragment 
in our pores (0.35 Å/μs at 100 mV and room temperature) is much slower than the 
velocity of 3000 bp DNA in SiN pores (125 Å/μs at 120 mV)[52], 6557 bp DNA in 
silicon-oxide nanopores (146 Å/μs at 120 mV)[53] and of the same order of magnitude 
for α-hemolysin with 25 bp ss-DNA at 2 ⁰C (0.16 Å/μs at 120 mV)[51].  At 100 mV, we 
obtained a single base residence time of 12.4 μs, which is the slowest velocity reported at 
room temperature using a solid-state nanopore.  
The slowing down DNA while inside the pore is not a novel idea and has been the 
focus of much research.  One of the earliest methods of slowing down the translocation 
process was using solutions of increased viscosity [50].  In this experiment they used a 4-
8 nm silicon nitride pore with varying concentrations of glycerol and obtained a velocity 
of approximately 9 Å/μs.  Other techniques include using a pore smaller than the 
diameter of double stranded DNA[54] as well as optically trapping a dielectric bead 
attached to a DNA molecule and controlling the speed independently.  The last 
experiment seems the most robust but lacks the high throughput sensing required for next 
generation DNA sequencing.  Instead the study focused on the measurement of forces on 
the DNA molecule while inside the pore.  The most recent work by the same group also 
used lithium chloride instead of potassium chloride as the bulk electrolyte [55].  Due to 
the lithium binding more strongly to the DNA, they were able to achieve slower 
translocation rates.  Viscosity and electrolyte type could potentially be used in 
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conjunction with material properties to further slow down DNA in a graphene pore to 
achieve the translocation rates needed for DNA sequencing.   
 
 
 
 
 
 
 
 
Figure C.10.  (a) Current versus voltage 
plot for a 5 nm multilayer graphene pore 
and 2 M KCl.  (b) DNA translocation data 
for λ-DNA (5 nM concentration, 48.5 kb 
long) using a nanopore with a graphitic 
polyhedral edge.  Current drop-
translocation time scatter plot for double 
stranded λ-DNA at 250 mV (1 M KCl, 10 
mM Tris, 1 M EDTA).  (c) Histogram for 
the translocation time (tD) showing an 
exponential dependence for tD>tp.  
Translocation events (n=4388) were 
recorded at 1 M KCl, 10 mM Tris (pH 8), 
and 1 mM EDTA.  The exponential curve 
fit parameter τ=2.34 ms.   
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Figure C.11.  (a) Ionic current traces for single stranded DNA (25 bases in length) in a 50 
nm thick silicon nitride nanopores (5 nm diameter).  (b) Ionic current traces for a 
graphene nanopores with graphite polyhedral crystal (GPC) edges.  (c) Current drop 
parameter, (d) peak translocation time (tp), and (e) translocation velocity as a function of 
voltage.  Events were recorded at 100(n=9458), 125(n=6854), 150(n=9616), 
175(n=8624), 200(n=6932) and 250 mV (n=8057) in 2 M KCl, 10 mM Tris (pH 8), 1 
mM EDTA and 10 nM DNA.   
 
Despite the convincing ability to observe downward spikes of current upon 
adding 25-base DNA to the cis chamber of the flow cell, whether the observed event 
properties are accurate should be assessed particularly for short events.  Due to the rise 
time of the filter, it is possible that at extreme filtering conditions, the current drop 
parameter can be attenuated.  From the linearity of the current drop graph (Figure C.11) 
at and below a 200 mV driving voltage, it can be assumed quite reasonably that the 
current drop is not being significantly attenuated.  At 250 mV, however, we observe a 
current drop that is not expected based on extrapolation of the linear curve fit.  This led 
us to ensure that the data collected at 200 mV was indeed accurate.  This was performed, 
as described elsewhere [56], by recording data at various filter settings and showing that 
the downward reduction in current is not being attenuated by the filter.  The data that was 
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analyzed at each filter setting (10 kHz and 2 kHz) clearly indicated that the current drop 
was not distorted (10 kHz: 563 ± 83, 2kHz: 571 ±73 pA , Figure C.12).   
 
Figure C.12.  Analysis of 25-base single stranded DNA event properties at different filter 
settings for events recorded at 200 mV.  Ionic current recording of events at a lowpass 
Bessel filter setting of 10 kHz (a) and 2 kHz (b).  Event traces recorded at with 10 kHz 
filter (c) and 2 kHz filter (d).  Current drop histograms for events recorded at 10 kHz (e) 
and 2 kHz (f) showing now amplitude distortion.   
 
Conclusions 
In terms of DNA sequencing, graphene nanopores have been reported to offer two 
main advantages including: (1) an atomically thin membrane which allows for finer 
single-molecule resolution and (2) graphene can potentially measure DNA’s transverse 
conductance (thereby obtaining its sequence) as well as control its motion through the 
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pore.  Multilayer graphene have also been reported to provide more flexibility in tailoring 
the electronic properties of graphene; offering more options to meet device 
specifications [28].  Without the presence of GPC around the nanopore edge,  multilayer 
graphene is still useful for conductance measurements of DNA bases since each graphene 
layer conducts only in-plane [15].  Despite a seemingly strong preference for single-layer 
graphene, multi-layer graphene may actually provide the most information about DNA by 
measuring from each base individually but several times as it translocates the pore.   
Alternatively, due to the flexible nature of single stranded DNA, multilayer graphene can 
further insure the measurement of a single base by restricting the bases movement.   
In the future, prospective DNA sequencing technologies must overcome some 
major challenges in order to resolve single base identity.  One criterion for future devices 
is that the device should read the sequence without digesting the DNA into smaller pieces 
since this process increases the complexity of the analysis and lowers throughput.  In the 
case of single strand sequencing using nanopores, gaining confidence of base identity can 
be achieved by increasing the residence time inside the pore.  For optical detection 
schemes, localizing the source of the light down to the nano or even sub-nanoscale is the 
major challenge.  At the current state of technology, manipulating the movement of DNA 
may be more feasible compared to complex and costly optical detection schemes.  Other 
techniques to manipulate single strand DNA including atomic force microscopy (AFM) 
and optical tweezers are not easy or high throughput.  The prospect of using material 
properties to control and manipulate DNA through interaction forces is tempting because 
of its ability to do so in a high throughput manner.   
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In summary, we report on the beam intensity-dependent nature of pore drilling 
and demonstrate that selection of spot size should be based on the desired pore diameter 
in order to minimize edge defects.  More interestingly, we observed the ability to sculpt 
multilayer graphene using lower than conventional current densities which yielded the 
unique formation of graphitic polyhedral crystals around the nanopore edge.   We also 
propose that multilayer graphene, particularly the growth of graphite polyhedral crystals, 
may provide some unique advantages for future DNA sequencing applications such as 
slowing the DNA molecule while translocating the pore through favorable interactions 
with the pore wall.  We provide evidence for this hypothesis by detecting both single and 
double stranded DNA and showing that the single stranded DNA (25 bases long) travels 
through the pore significantly slower than traditional experiments with silicon nitride 
nanopores.   
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